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ABSTRACT 
Magnaporthe grisea infects rice plants via asexual spores called conidia. 
Germination involves the production of a germ tube from one of three comdial cells: 
the apical, middle and basal cells. Little is known about the process of spore 
germination in this or any other fungal plant pathogen, and this is the focus of the 
work presented here. 
Spore germination was characterized using light microscopy and scanning electron 
microscopy both in vivo and in vitro. Conidia were shown to germinate via either a 
single or two slightly slower growing germ tubes. Germ tubes are characteristically 
produced in regions of the cell near to the substratum and also grow towards it. To 
examine the role of each of the three conidial cells for successful germination, 
individual conidial cells were selectively killed using a novel method. Isolated 
conidial cells were shown to be able to germinate and form appressoria. Evidence 
was obtained that the roles of the three cells differ and that communication occurs 
between conidial cells during germination and differentiation. 
Organellar organization and dynamics were analysed in living and potentially 
pathogenic comdia throughout germination, using confocal microscopy and 
fluorescent stains. Each cell contains a single nucleus that changes position during 
germination but otherwise does not exhibit extensive movement. Mitochondria are 
primarily peripheral in the middle and basal cells and characteristically elongated in 
the germinating cell, from which they extend towards and into the growing germ 
tube. The vacuolar system was the most dynamic organelle examined. It is composed 
of spherical, globular and tubular elements that exhibit fusion and fission, and extend 
into and retract from the growing germ tube. During germination the compartments 
of the vacuolar system became progressively larger. The apical vesicle cluster was 
identified and characterized during germination. In addition, a range of dyes stained 
spots present at the periphery of the germ tube. These were shown to be extracellular, 
and produced at the germ tube tip. There was evidence that they exhibited esterase 
activity. 
Confocal microscopy was used to analyse the process of endocytosis within conidia, 
germlings, and differentiated germlings. Evidence was obtained for the first time that 
the ungerminated and germinated spores of filamentous fungi undergo endocytosis. 
The first direct evidence for fluid-phase endocytosis occurring in a filamentous 
fungus was also obtained. The endocytic marker FM4-64 was used to characterize 
components of the vesicle-trafficking network during germination. It was 
demonstrated that spores exhibit endocytic internalization within two minutes of 
hydration, and there was evidence that the apical and basal cells exhibit a higher rate 
of endocytosis than the middle cell. 
ABBREVIATIONS 
A-cell apical comdial cell 
AVC apical vesicle cluster 
BCE before current era 
B-cell basal comdial cell 
CLSM confocal laser scanning microscopy 
CS cover slip(s) 
detCS detergent-washed cover slip(s) 
dH20 distilled water 
DIC differential interference contrast 
ECM extracellular matrix 
EGT emerging germ tube (stage of germination) 
ER endoplasmic reticulum 
GT1 germ tube 1 (stage of germination) 
GT2 germ tube 2 (stage of germination) 
GT3 germ tube 3 (stage of germination) 
GTM germ tube mucilage 
LTSEM low-temperature scanning electron microscopy 
M-cell middle conidial cell 
MVB multivesicular bodies 
PS peripheral spots 
STM spore tip mucilage 
UNG ungerminated stage of germination 
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1. REVIEW OF THE LITERATURE 
1.1 INTRODUCTION 
1.1.1 Importance of fungal plant pathogens 
Agriculture has been practised for at least 10 000 years (Diamond, 1997). With an 
increased dependence on the cultivation of land for the production of staple crops, 
there is a correlated increase in vulnerability to the damage caused by plant 
pathogens (Agrios, 1988). Many of the most aggressive plant pathogens are fungal 
and they are responsible for over seventy percent of all major crop diseases (Deacon, 
1997). The effects of plant diseases can be devastating, causing starvation and 
malnutrition, death of people and their livestock, and sometimes mass migrations. 
Threophrastus (370-286 BCE) wrote about plant disease, and the Romans had a god 
of rust called Robigo to protect their cereal crops from disease. The old English 
words "blight" and "blasting" were commonly used to signify damage to crops and 
the terms "blasting" and "mildew" are referred to in the Old Testament 
(Ramsbottom, 1929; Agrios, 1988; Hudler, 1998). 
Robert Hooke, an English contemporary of Anthony van Leeuwenhoek and the 
inventor of the compound light microscope, discovered that the rust on the underside 
of a Damask rose leaf had a discernible organized structure when viewed through the 
microscope. He likened this structure to a minute mushroom and presented a diagram 
of it in his Micrographia (Hooke, 1665). This is the earliest recorded microscopic 
examination of a filamentous fungal plant pathogen (Ramsbottom, 1929). Since this 
time the technique of microscopy has become increasingly refined and technically 
sophisticated, and in the last century this was demonstrated by the development of 
the electron and confocal microscopes. Recently, emphasis has been placed on the 
importance of microscopic examination of biological samples in their living state. 
Each technical advance is accompanied by advances in our biological understanding 
of subcellular structures and their organization. Thus, the technique of microscopy 
has evolved considerably over the centuries following Hooke's microscopic 
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examination of rust, and has been literally instrumental in furthering our 
understanding of fungal pathogens. 
1.1.2 The rice blast disease 
The filamentous ascomycete (Order: pyrenomycetes) fungus Magnaporthe grisea 
(T. T. Hebert) Barr (anamorph: Pyricularia grisea) parasitises over 50 grasses (Ou, 
1985). Graminaceous hosts include barley, wheat, oats, and millet, but M grisea is 
best known as the causal agent of the rice blast disease, hence its common name the 
"rice blast fungus". Primarily a disease of young rice plants, the fungus attacks all of 
the above-ground parts of the rice plant, producing lesions on all parts of the shoot 
but rarely on the leaf-sheath (Bonman, 1992). The most destructive symptom is 
"neck blast" or "rotten neck blast", in which the panicle base is infected. The 
physical appearance of lesions varies with environment, host resistance, host age and 
the stage of infection (Sadisvan et al., 1965; Hashioka, 1965; Ou, 1980a, b). 
M grisea exhibits very varied pathogenesis and exists in a mixture of pathogenic 
races (Ou, 1980b). This means that new resistant varieties of rice rarely remain so for 
more than a few years (Zhu et al., 2000). It has been recently demonstrated in an 
unprecedentedly large-scale field trial in China, that the fungus spreads more slowly 
through mixed varieties of rice than through monocultures, which are conventionally 
planted (Zhu et al., 2000). 
There is archaeological evidence that rice was being cultivated in China by around 
5000 BCE, and that the practice had spread to India by 2000 BCE and to Japan by 
1000 BCE (Smith, 1995). Rice is currently a staple dietary constituent for nearly half 
the world's population including many third World countries (International Rice 
Research Institute, 1997). Rice blast was one of the earliest recognised plant diseases 
and is considered to be the principal disease of rice, occurring in all major rice 
growing regions of the world (Ou, 1 980a,b). The rice blast fungus is responsible for 
major yield losses, and has been reported to account for losses of between 11-30% of 
the world's rice harvest, causing sporadic recurrent epidemics throughout South East 
Asia and South America (Baker et al., 1997) and often dictates rice production 
practices (Kim, 1994; Shahjahan, 1994). Thus, M grisea has enormous significance 
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for both economic and humanitarian reasons and is one of the most important 
pathogenic fungi in the world. 
Magnaporthe grisea is generally considered to be a model system for plant pathology 
research (Valent, 1990; Valent & Chumley, 1991) and has been described as a 
"fascinating experimental system for assessing many aspects of the plant-microbe 
interactions that in themselves comprise an essential subdiscipline of modern 
science" (Smith, 1999). 
Important advantages of M grisea as an experimental system include: 
• it is easily grown in culture, 
• it is readily transformable and genetically manipulated, 
• mutant isolation and analysis is simple, 
• it exhibits both host species and host cultivar specificity, 
• it has a rapid disease cycle. 
1.2 THE FUNGAL SPORE 
As sessile organisms, higher fungi may respond to adverse conditions in three main 
ways, (1) by growing out of it, (2) by producing a propagule that is dispersed, or (3) 
by producing a structure that can survive until conditions improve. The fungal spore 
is differentiated from the mycelium and specialised for reproduction, but also for 
survival and/or dispersal (Ingold, 1971; Smith & Berry, 1974). 
Spores are produced by mitosis, meiosis, or mating (Table 1.1). Whilst mycelial 
hyphae display much phenotypic plasticity, the spore tends to be morphologically 
stable, but varies greatly between species with respect to size, colour, shape, and 
surface texture. Variation also occurs within an individual as one species may 
produce more than one spore type, e.g. Neurospora crassa produces macroconidia, 
microconidia and ascospores that differ in size, shape, colour, mode of dispersal, and 
mode of reproduction (Maheshwari, 1999). Thus, the types of spore and the 
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reproductive bodies that produce them are commonly used as phenotypic markers in 
taxonomic studies. 
Origin 	Examples Type Fungal groups 










ascospores Resting Ascomycota 








Table 1.1: Main spore types in fungal plant pathogens (for further details see Agrios, 1988; Deacon, 
1997). 
There is a vast array of fungal spore shapes and sizes (Agrios, 1988). Spores can be 
thread-like, such as the 2 x 500 gm ascospores of Cordyceps miltaris; others can be 
branched, as in the aquatic hyphomycetes. However, the most common morphology 
is spherical or ovoid in the range of 5-50 gm (Ingold, 1971). Some spores are 
unicellular (e.g. comdia of Aspergillus, Botrytis and Trichoderma or the teliospores 
of Ustilago maydis), whilst others can be comprised of many cells (e.g. conidia of 
Alternaria and Helminthosporium, or the teliospores of Puccinia graminis). Colour 
and external architecture also varies between species. Many spores are colourless or 
white, but they can also be yellow, pink, purple, brown or black due to pigmentation, 
mainly within the spore cell wall, and in some cases due to pigmented cytoplasmic 
inclusions (Ingold, 1971). Whilst some spores have smooth walls (e.g. ascospores of 
Sordaria) many species display a distinctive pattern of surface ornamentation (e.g. 
the spine-like protrusions of Erisyphe graminis, or the ribbed surface pattern on 
ascospores in the genus Neurospora (Dutta et al., 1981). These patterns frequently 
distinguish the taxon, and in some cases have been shown to aid the dispersal and 
attachment stages of infection (e.g. Rees & Jones, 1984). In addition, spores are 
sometimes flagellate (e.g. zoospores), possess a thin or thick cell wall, or have no cell 
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wall at all, as in the case of zoospores produced by members of the Mastigomycota. 
The mechanisms by which these variations arise have been considered in most detail 
for conidial fungi (Cole & Samson, 1979; Cole, 1981, 1986; 1990). 
Basal 
septum 
Stalk by which the 	 4 
conidium was 








I cell 	cell 	germ tube 
Figure 1.1: Conidial features and the terms used to define them. 
M grisea produces both sexual and asexual spores. Although sexual stages have 
been reported in the wild, reproduction is principally asexual (Leung & Taga, 1988; 
Valent et al., 1991; Dobinson & Hamer, 1992; Shull & Hamer, 1994). Mature 
conidia of M. grisea are characteristically approximately 9 x 20 p.m in size, non-
motile, pear-shaped, and are typically comprised of three cells. These cells are 
morphologically different and may thus be referred to as apical, middle and basal 
cells (Fig. 1.1). The spore is grey/brown in colour and the cell wall has a unique 
reticulate pattern (Howard, 1994). 
1.3 INFECTION CYCLE 
The fungal plant pathogen infection cycle varies between different pathogens and 
host species. However, in general it is composed of the following stages: spore 
release and dissemination, spore attachment to the host, germination, penetration of 
the host, and infection of host tissues. These main stages of the infection cycle of 
M grisea are shown in Figure 1.2 and are considered below with special reference to 
those events preceding and involved in spore germination. 
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(b) Conidial attachment to 
the host surface via 61  Conidial 
\ 	




(e) Invasion of underlying 
host tissues 
Figure 1.2: The infection cycle of Magnaporthe grisea. 
1.3.1 Release and dissemination 
In most fungal species, dispersal is primarily achieved by asexual spores, whilst 
sexual spores serve as dormant survival structures. However there are exceptions, the 
most pronounced being the Basidiomycota, which rarely produce asexual spores, and 
so the basidiospores also serve to disperse the fungus (Deacon, 1997), (Table 1.1). 
The structures that bear spores can be simple specialised spore-bearing hyphae such 
as the conidiophore of M grisea. (Fig. 1.2a), or more elaborate multicellular 
structures such as the mushrooms of the Basidiomycota (Subramanian, 1968; Philips, 
1981; Read, 1994). Some release spores actively, some passively, whilst in others the 
spores remain at their site of formation as survival structures. Fungal spores are 
principally spread by one or a combination of the following dispersal agents: air, 
water, insects, and other animals, including humans (Ingold, 1971). 
Many fungi have adapted to airborne dispersal by either presenting the spores on tall 
conidiophores such that they may be easily lifted by the air currents or by evolving 
mechanisms that forcibly liberate the spore into the air current (Ingold, 1971). In 
some species spores clump together in the air, a feature that has been reported to 
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accelerate the dispersal time in Erisyphe graminis spores (Bainbridge & Stedman, 
1979). The mechanism by which spores aggregate has been examined in Uromyces 
uredospores and has been attributed to a combination of the spiny cell wall 
ornamentation and the hydrophobicity of the entire spore surface (Clement et al., 
1994). Conidia of various fungi including Neurospora crassa, Aspergillus nidulans 
and M grisea possess hydrophobin-encoded rodlet layers on their outer surfaces. 
Hydrophobins are small moderately hydrophobic proteins secreted by fungi and 
appear to be responsible for spore hydrophobicity. However, their precise role has not 
been determined and there may be other components that contribute to 
physicochemical properties of the rodlet layer, such as lipids and glycoproteins 
(Kershaw & Talbot, 1998; Girardin et al., 1999). Spore rodlets have been proposed to 
be an adaptation for dispersal by air, to protect the spore from desiccation and 
function in part to aid adhesion to the hydrophobic host surface (Talbot et al., 1993, 
1996; Wessels 1996,1997; Kershaw & Talbot, 1998). 
The conidia of M grisea are formed by holoblastic conidiogenesis on the tips of 
simple, rarely branched conidiophores to which they are attached by the basal cell via 
a small stalk (Subramanian, 1968; Leung & Shi, 1994). Under favourable conditions 
conidia are produced within 6-7 days after host inoculation (Fig. 1.2a). 
Conidiophores emerge from infected tissues through stomata, natural openings in the 
leaf surface or directly by eruption through the host cuticle (Howard & Valent, 1996). 
Cryo-scanning electron microscopy has shown that where conidiophore initials have 
forced their way through the epidermis and cuticle, an apparent tear can be seen, 
marked by the separation of wax crystals that characteristically coat the rice leaf 
(Howard, 1994). Spores are actively released upon bursting of the cell at the base of 
the comdium (Ingold, 1964). Spore release begins at around midnight reaching a 
peak between 2 am and 4 am (Borman, 1992). Such "night patterns" of spore 
dispersal are unusual for conidia, being more typical of asco spores and basidiospores 
(Lacey, 1981). Each M grisea conidiophore may bear 20 or more conidia resulting in 
an individual lesion producing 4000-6000 conidia per night for over 2 weeks (Ou, 
1980a). This is not unusual; indeed M grisea conidial production is low compared to 
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some fungal species (e.g. Ganoderma applanatum, 350 000 per second; Christensen, 
1965). The magnitude of spore productivity has been attributed to the random nature 
of dispersal (Hudler, 1998). Conidia of M grisea are released from the conidiophores 
by rain or dew and disseminated by air currents and gravity (Hashioka, 1965; 
Subramanian, 1968; Ou, 1980a). The maximum dispersal distance is the subject of 
some controversy, but conidia have been reported to travel up to 230 metres from the 
source (Teng, 1994). However, it is thought that most do not travel more than 
2 metres (Ou, 1980a) but rice plants are usually grown within close proximity, 
increasing the likelihood that a spore will come into contact with a host surface 
(Fig. 1.2b). Thus, given favourable conditions for infection, the fungus will spread 
rapidly through a susceptible host population. The conidia are typical of spores that 
are primarily dispersed by air, which are often adapted to endure long periods of 
flight-time in the air: they are generally small and light, with thick pigmented cell 
walls (Ingold, 1971). There is no record of spores aggregating, although some 
clumping might occur via the spore tip mucilage (see Section 1.3.2) if spores come 
into contact. 
1.3.2 Attachment to the host 
Attachment to the host is a crucial stage in infection. The host surface is an 
inhospitable environment, adapted both chemically and physically to resist attack by 
pathogens (Smart, 1991). Of those few spores that encounter a host, only those that 
are able to remain in contact with the host surface will have a chance to infect the 
host tissues and thus survive to the next generation. The first components of a plant 
that a spore is likely to encounter are the waxes on the plant surface. These are 
comprised of a complex mixture of hydrophobic materials containing very long-chain 
aliphatic compounds (Kolattukudy, 1980; Kolattukudy et al., 1995) and in some 
cases form an elaborate 3-dimensional architecture peculiar to that species. In several 
fungal species, spores have been demonstrated to sense the presence of the host 
surface and this is often evident by changes in the surface morphology of the spore: 
examples include the spine-like ornamentation of E. graminis which changes to 
globose bodies on contacting the host (Nielsen et al., 2000) and the extracellular 
matrix network of Uncinuliella australiana conidia which moves towards the 
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substratum forming an adhesion pad (Mims et al., 1995). In some cases it has been 
demonstrated that germination occurs at a higher rate when the spore population is 
attached to a substratum (Webster & Davey, 1984), whilst the pycnidiospores of 
Phyllostica ampelicida only germinate once they have attached to a substratum (Kuo 
& Hoch, 1996; Shaw et al., 1998). Thus, the stage of attachment is generally 
considered to be the first step in establishment of successful infection (Mendgen & 
Deising, 1993; Kuo & Hoch, 1996). 
Mucilage secretion by fungal spores is central to the process of attachment 
(Nicholson & Epstein, 1991; Braun & Howard, 1994). Attachment by adhesion can 
be either a passive or an active process (Kuo & Hoch 1996). Passive adhesion occurs 
when a spore sticks to a surface via pre-formed adhesive materials that are on or near 
the spore surface, or by mucilage expelled by the spore on hydration (e.g. M grisea). 
Other types of spore actively release mucilage over a longer period of time, and this 
can involve a series of steps (Watanabe et al., 2000). This is an energy-requiring 
process and might involve recognition of the surface (Nicholson & Epstein, 1991; 
Read et al., 1992b; Neilson et al., 2000). In addition to the extrusion of mucilage by 
the spore, other factors such as the chemical and physical properties of the host 
surface have also been demonstrated to influence the process of adhesion. Relative 
hydrophobicity can influence how aggressively a spore is able to adhere to a 
substratum (Hamer et al., 1988; Terhune & Hoch, 1993; Clement et al., 1994; 
Mercure et al., 1994). Electrostatic charge might also influence spore adhesion (Jones 
& O'Shea, 1994). Fungal enzymes are also involved in some cases. The uredospores 
of Uromyces viciae-fabae have been demonstrated to produce serine esterases 
(including one with cutinase activity) that promote spore adhesion (Deising et al., 
1992, 1995). Cutinase and non-specific esterase activity has been localised within 
mucilage associated with spores of E. graminis (Nicholson & Moraes, 1980, 
Nicholson et al., 1988; Pascholati et al., 1992). 
The process of attachment by M grisea conidia has been thoroughly investigated in 
vitro. As a conidium reaches maturity, the wall of the apical cell ruptures releasing 
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spore tip mucilage (STM) from the periplasmic space (Fig. 1.2b). This mucilage has 
been reported to be visible on the tip of the apical cell in the form of a droplet, whilst 
the conidium is still attached to the conidiophore (Howard, 1994; Howard & Valent, 
1996), although there is evidence that it is released upon hydration (Hamer et al., 
1988). Attachment occurs rapidly after encountering a surface, which is a common 
feature of many spores that attach via mucilage (Hamer et al., 1988; Kuo & Hoch, 
1996; Altre et al., 1999). The rice leaf is coated by a waxy cuticle and is highly 
hydrophobic (Uchiyama & Okuyama, 1990; Talbot, 1995). The conidium is able to 
stick to this highly water repellent surface via STM, and there is evidence that this 
process of adhesion is more tenacious on a hydrophobic substratum (Hamer et al., 
1988). The presence of STM might be dependent upon a variety of factors such as 
strain, colony age, growth conditions, humidity and the technique used to isolate 
spores (Howard, 1994; Jelitto et al., 1994; Howard & Valent, 1996). It has been 
proposed that hydrophobins (see Section 1.3.1) could play a role in adherence to 
hydrophobic substrata (Wessels, 1996, 1997). In M grisea a gene (MPG 1) that 
encodes a putative hydrophobin, is highly expressed during the pre-penetration stages 
of infection. There is evidence that MPG1 directs the synthesis of the conidial rodlet 
layer, and that mpg] -' mutants are less pathogenic. However, there was no evidence 
that conidia were compromised in their ability to adhere to the host rice leaf (Talbot 
et al., 1993, 1996). 
1.3.3 Germination 
1.3.3.1 Dormancy and self-inhibition 
All spores are initially dormant in that they do not synthesize new cellular material 
and have low metabolic rates (Smith & Berry, 1974). Many spores require favourable 
environmental conditions in order to germinate. These will vary between species, 
although water, oxygen and carbon dioxide are universally required for activating 
spore germination. Furthermore, factors such as temperature, pH, light and nutrient 
availability can also be important (Brown, 1922; Gottleib, 1950; Sussman, 1981; Van 
Laere et al., 1987; Gold & Mendgen, 1991; d'Enfert, 1997). Those spores that do not 
germinate in these conditions are constitutively dormant and require to be activated 
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by some more specific requirement, e.g. a period of ageing referred to as post-
maturation, heat shock, or chemical treatment (Smith & Berry, 1974; Deacon, 1997). 
Host surface chemical and physical characteristics can be important, e.g. flavonoids 
exuded from legume roots stimulate spore germination in a number of soilborne 
fungi (Bagga & Straney, 1999), and in Colletotrichum gloeosporioides surface wax 
from the host induces spore germination (Podila et al., 1993, Perfect et al. 1999). In 
many fungal species, spores contain self-inhibitors that prevent germination within a 
dense population of spores. These inhibitors are small, often lipophilic in nature, and 
prevent germination unless they are leached away; which will only occur when the 
spore concentration is low and hence the diffusion gradient is towards the external 
medium (Macko, 1981). 
1.3.3.2 Magnaporthe spores exhibit exogenously imposed dormancy 
In the presence of water, germination of M grisea conidia occurs rapidly either freely 
in liquid suspension or on a wide range of artificial substrata (Table 1.2). Thus 
germination appears to be independent of the substratum and of the process of 
attachment, and most research concerning the pre-penetration phase of infection by 
M grisea has been conducted in vitro (Fig. 1.2b—d, Table 1.2). Optimal conditions 
for germination are achieved by maintaining a high relative humidity (92-96%), and 
a temperature of 25 °C with inhibition occurring at temperatures < 15 °C and> 30 °C, 
(Hashioka, 1965; Sadasivan et al., 1965; Kim, 1994). Germination will occur in the 
dark and does not require external nutrients (Jellito et al., 1994; Xiao et al., 1994b). 
There is evidence that flavonoids produced by the host rice plant inhibit germination 
in M grisea conidia (Padmavati et al., 1997). 
1.3.3.3 Emergence of the germ tube 
The emergence of a germ tube can be regarded as the initiation of polarised growth 
and requires the synthesis of new plasma membrane and cell wall material. In many 
spore types the first morphological sign that germination has commenced is isotropic 
growth or swelling of the spore (e.g. the conidia of A. niger double in diameter to 
around 7 rim; Smith & Berry, 1974). In spores that do not undergo significant 
swelling such as the conidia of M grisea, the emergence of the germ tube is the first 
morphological sign that germination has commenced. 
11 
1. REVIEW OF THE LITERA TURE 
Substratum 
	 References 
Rice leaves 	Hashioka, 1972; Araki & Miyagi, 1977; Peng & Shishiyama, 
1988; Chumley & Valent, 1990; Valent etal., 1991; Sweigard et 
al., 1992b; Jelitto etal., 1994; Talbot et al., 1996. 
Rice leaf wax components 	Weintraub et al., 1958; Araki & Miyagi, 1977; Uchiyama el 
(coated on glass or cellophane) al., 1979; Uchiyama & Okuyama, 1990; Hegde & Kolattukudy, 
1997. 
Glass Uchiyama & Okuyama, 1990; Lee & Dean, 1993; Jelitto et al., 
1994; Gilbert et al., 1996; Money & Howard, 1996. 
Teflon TM Hamer et al., 1988; Howard et al., 1991a; Talbot et al., 1993, 
1996; Jelitto et al., 1994; Beckerman et al., 1997. 
Cellophane Araki & Miyagi, 1977; Hamer et a! 1988; Bourett & Howard, 
1990; Howard etal., 199 Ia; Jelitto etal., 1994. 
Plastic Howard & Ferrari, 1989; Xiao et al., 1994b; Money & Howard, 
1996; Adachi & Hamer, 1998; Dixon et al., 1999. 
Wax paper Lee & Dean, 1993. 
Polystyrene Lee & Dean, 1993; Talbot et al., 1993; Liu & Kolattukudy, 
1999. 
Polyethylene 	Howard et al., 1991 a. 
Mylar 	 Money & Howard, 1996. 
Keviar 	 Howard etal. 1991a. 
Cellulose membrane 	Howard & Ferrari, 1989; Bourett & Howard, 1992. 
Gelbond (both hydrophobic 	Lee & Dean, 1993; Xiao et al., 1994b; Mitchell & Dean, 1995; 
and hydrophilic sides) Gilbert et al., 1996; Liu & Dean, 1997; Adachi & Hamer, 1998; 
Dixon et al., 1999. 
Agarose 	 Weintraub etal., 1958; Lee & Dean 1993; Xiao etal., 1994b. 
Liquid suspension (no 	Lee & Dean, 1993; Jelitto et al., 1994; Xiao et al., 1994b; 
substratum) 	Gilbert etal., 1996; Howard & Valent, 1996. 
Table 1.2: Substrata upon which conidia of M grisea have been germinated. 
The germ tube must emerge through the cell wall, which is often thick and 
pigmented. Some fungal spores have predetermined areas from which the germ tube 
emerges. These are called germ pores, and they are regions in which the cell wall is 
thinner (Smith & Berry, 1974; Read & Beckett, 1996). Other mechanisms have been 
proposed in some fungal systems. For example, the chiamydospores of Thielaviopsis 
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have crease-like, electron transparent regions near the ends of the spore in the mature 
chiamydospore chain (Tsao & Tsao, 1970; Riggs & Mims, 2000). It has been 
postulated that these are part of two transversely located bands that run around the 
rim of each spore, and that they contain chitin that is degraded by soil microbes. The 
action of spore turgor pressure on the subsequently weakened region might result in 
the partial disjoining of the cell wall, allowing the emergence of a germ tube (Tsao & 
Tsao, 1970). In some species (e.g. Alternaria cassiae) the spores have no visible 
mechanism by which the germ tube emerges through the cell wall and apparently 
simply push their way out (Mims etal., 1997). 
Some types of spores characteristically produce a single germ tube (e.g. uredospores 
of Puccinia graminis; Read et al., 1997) whilst others are multipolar, with typically 
more than one germ tube being produced (e.g. Blumeria graminis; Carver et al., 
1999). The conidia of M grisea are reported to be able to germinate from one or 
more of the three comdial cells, but usually a single germ tube is produced from the 
tip region of the apical cell (Fig. 1.1, 1.2b) (Bourett & Howard, 1990; Jelitto et al. 
1994). The cell wall is ruptured in the tip region of the apical cell as a result of the 
mechanism by which STM is released and so this region of the plasma membrane 
represents a prime site for the emergence of the germ tube. However, germ tubes may 
also emerge from other regions of the apical cell plasma membrane, and also from 
the other two cells in which the cell wall is intact (Fig. 1. 1), (Hamer etal., 1988). 
1.3.3.4 Extracellular mucilage is associated with germ tubes 
A range of fungi produce extracellular mucilage (ECM) that is associated with the 
germ tube (Braun & Howard, 1994; Jones etal., 1995; Kuo & Hoch, 1995; Au et al., 
1996; Apoga & Jansson, 2000), and this is believed to be an essential pre-requisite to 
successful infection (Mendgen & Deising, 1993; Braun & Howard, 1994). It has been 
proposed that in Uromyces appendicu!atus, extracellular proteins produced by the 
germ tube are involved in sensing the host surface topography (Epstein et al., 1985), 
however these findings assume that only extracellular proteins are affected when an 
entire germling is exposed to a proteinase solution. ECM has been reported to be 
associated with both the germ tube and the appressorium of M grisea (Bourett & 
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Howard, 1990; 1994; Xiao et al. 1994a; Jones et al., 1995). As in the case of spore 
adhesion (Section 1.3.2), it has been proposed that hydrophobins could also be 
involved in the adhesion of germ tubes (Wessels, 1996, 1997). In M grisea, there is 
evidence that in addition to directing the synthesis of the conidial rodlet layer, the 
MPG1 gene also encodes a putative hydrophobin that plays a role in the interaction 
between the germ tube/appressorium and hydrophobic surfaces (Talbot et al., 1996). 
1.3.3.5 Biochemical changes during germination 
The transition from dormant to active growth is accompanied by profound structural 
and biochemical changes (d'Enfert, 1997). The emergence of the germ tube marks 
the initiation of polarised growth and is necessarily accompanied by the biosynthesis 
of nucleic acids, proteins, membrane systems, and cell wall material. During the early 
stages of germination many metabolic activities including respiration, and, RNA and 
protein synthesis commence (Brambi & Handscbin 1976; Lovett, 1976; Brambi, 
1981; Brambi et al., 1987; Van Laere et al., 1987; d'Enfert 1997). In N. crassa 
groups of genes involved in respiration, ribosome assembly, chromatin structure and 
amino acid biosynthesis (Sachs & Yonofsky, 1991), and in A. nidulans genes that 
encode ribosomal proteins, are all expressed at a higher level within germinating 
spores than in mycelia (d'Enfert 1997). Dormant asexual spores have been shown to 
contain a population of preserved, stable mRNA (Brambl et al., 1978). Essential 
protein synthesis occurs early during spore activation and it has been suggested that 
this mRNA is responsible for this biosynthesis. Although this might be true for some 
species, in N. crassa it is not solely responsible, as inhibiting RNA synthesis blocks 
both protein synthesis and spore germination (Brambl et al., 1987). Nuclear division 
and DNA synthesis during fungal spore germination have been studied in some detail 
in several species. A common feature is that the synthesis of DNA occurs after RNA 
and protein synthesis, and shortly before or after germ tube emergence (Brambl et al., 
1978). 
1.3.3.6 Mobilization of carbon sources during germination 
Lipid and carbohydrates can comprise a large percentage of the ungerminated spore 
(e.g. in Neurospora tetrasperma 25% and 33% of the spore dry mass were found to 
be lipid and carbohydrate respectively; Lingappa & Sussman, 1959), and for those 
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spore types such as M grisea conidia that are able to germinate in pure water, the 
mobilization of these internal carbon sources may allow germination to proceed in 
the absence of external nutrients (Gottleib, 1976). There is evidence that in 
Neurospora ascospores, the mobilization of stored carbon-sources such as lipids, 
carbohydrates or proteins does not occur within dormant spores, commencing 
immediately after activation (Lingappa & Sussman, 1959). Lipid mobilization during 
germination has been demonstrated in a number of species, and it is thought to be 
utilized for both generating energy and producing sugars for biosynthetic processes 
(Schadeck et al., 1998). However, not all spore types are nutritionally independent in 
this way and the requirement for exogenous nutrients may vary within one taxonomic 
group (Blakeman, 1980; Garraway & Evans, 1984; Kolattukudy & Köller, 1983). 
Trehalose and glycogen are the main carbohydrate reserves in fungi. Glycogen is 
synthesized during periods of active growth and degraded during the stationary phase 
or during the production of resting structures (Van Laere, 1995). There is evidence 
that in spores, glycogen is replaced by trehalose, a nonreducing disaccharide that is 
accumulated in a wide variety of organisms, including fungi, during periods of 
reduced growth (Elbein, 1974; Thevelein, 1988). It is thought to serve as a carbon 
source during germination as it is mobilized during this period by the enzyme 
trehalase, forming glucose (Thevelein, 1988). Genes have been isolated in both 
A. nidulans and M grisea, that encode proteins with homology to the trehalase of 
Saccharomyces cerevisiae, providing evidence that trehalose is utilized as a carbon 
source (d'Enfert, 1997). In addition, trehalose may serve to protect the spore from 
environmental stress, such as exposure to heat, and has also been implicated in the 
control of osmotic pressure within spores. These features of trehalose could explain 
why it is more abundant in spores than glycogen (Van Laere, 1995). 
1.3.3.7 Signalling during germination 
The germ tubes of some species of rust exhibit directional growth, by growing at 
right angles to cell junctions or other host features, and there is evidence that other 
fungi also exhibit directional growth (loch & Staples, 1991; Read et al., 1992b). The 
presence of ECM associated with germ tubes (see Section 1.3.3.4), and asymmetric 
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organization of the germ tube structure relative to the substratum could be important 
components of a topographical signalling system. Although both ECM and 
asymmetric organization have been reported in the germ tube of M grisea there is no 
evidence of topographical signalling during germination and germ tube growth (Xiao 
et al., 1 994a,b; Howard & Valent, 1996). 
There is evidence that a cyclic AMP-dependent protein kinase may play an important 
role in signal transduction during the germination of fungal spores (Van Laere, et al., 
1987; Bourret et al., 1991; Yang & Dickman, 1999). In A. nidulans, a ras homologue 
called Aras has been shown to influence spore germination, and a model has been 
proposed in which "...particular levels of active A-RAS allow development to 
proceed to certain points while inhibiting further development" (Som & Kolaparthi, 
1994). Since ras is linked with cAMP (cyclic AMP) synthesis, it is possible that the 
ras/cAMP/PKA pathway is involved in fungal spore germination (d'Enfert, 1997). 
However, germination of Erisyphe conidia is unaffected by the addition of exogenous 
cAMP or analogues of cAMP (Hall et al., 1999). Although in M grisea cAMP-
dependent signalling has been demonstrated to be crucial to the process of 
differentiation, there is no evidence that it is involved in germination (Choi & Dean, 
1997; Lee & Dean 1993; Mitchell & Dean, 1995; Dean et al., 1996; Xu & Hamer, 
1996; Xu et al., 1997; Adachi & Hamer, 1998; Choi et al., 1998; Hamer & Talbot, 
1998; DeZwaan et al., 1999; Shen et al., 1999; Smith, 1999). 
Polyamines are known to be essential for fungal growth, and although their precise 
role is still unclear, there is evidence that they might serve to reduce intracellular 
levels of cAMP (Tabor & Tabor, 1985; Choi, et al., 1998). Fungal spores synthesize 
polyamines during the early stages of germination (Kim, 1971; Mennuci et al., 1975; 
Stevens et al., 1976; Calvo-Mendez et al., 1987; Ruiz-Herrera & Calvo-Mendez, 
1987; Khurana et al., 1996; Choi et al., 1998) and it is thought that this synthesis is 
achieved through the ornithine decarboxylase (ODC) pathway in fungi (Choi et al., 
1998). In many fungal species, specific inhibitors of polyamine biosynthesis restrict 
spore germination and germ tube growth (Tabor & Tabor, 1985; Ruiz-Herrera & 
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Calvo-Mendez, 1987; Rajam, 1993). The conidia of M grisea contain high levels of 
polyamine just after the dispersal stage, which subsequently decreases during 
germination. However, the addition of external polyamines and inhibitors of 
polyamine biosynthesis do not affect conidial germination, but do impair 
differentiation (Choi, et al., 1998). 
There is some evidence that a Ca 2+  /calmodulm signal transduction pathway could be 
important during the germination of fungal spores. In M grisea there is evidence that 
calmodulin plays a role during differentiation, and that attachment to a substratum is 
required for the induction of the cam gene (Liu & Kolattakudy, 1999). In A. nidulans 
a Ca2+  /calmodulin-dependant kinase has been demonstrated to be important in 
controlling germination (Dayton et al., 1997). In P. ampelicida external Ca2 induced 
germination on non-inductive substrata (Shaw & Hoch, 1999), and in Colletotrichum 
trfolii there is evidence that germination is inhibited by calmodulin inhibitors and 
calcium channel blockers (Warwar & Dickman, 1996). 
1.3.4 Differentiation and penetration 
There is a vast array of mechanisms by which fungal pathogens may penetrate the 
underlying host tissue. Entry may be directly into the underlying epidermal cells, or 
indirectly through natural openings, such as stomata. Fungal structures that penetrate 
the host surface vary widely, and range from germ tubes to encysted zoospores and 
highly specialised piercing structures, including appressoria (Howard, 1997). The 
cytological and morphogenetic features of differentiation have been characterized in 
detail in M grisea and much of our current understanding relating to appressorial 
formation is derived from this research (Howard & Valent, 1996; Howard, 1997). 
In M grisea after a period of growth, the germ tube differentiates to form an 
appressorium, initially swelling and bending at the apical region in a process referred 
to as 'hook formation'. A mitotic division takes place within the conidial cell from 
which the germ tube originates, and one of the two resultant nuclei migrates into the 
developing appressorium. A septum then forms between the germ tube and 
appressorium. During the fmal stages, the developing appressorium swells and 
becomes melanised (Bourett & Howard, 1990), to form a mature appressorium 
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(Fig. 1.2d): a unicellular, uninucleate, pigmented and highly turgid infection structure 
from which a slender (0.7 tm x 3.3 m) infection peg (Fig. 1.2e) penetrates the 
underlying host cell wall (Bourett & Howard, 1990; Howard et al., 1991a; Howard & 
Valent, 1996). A pore is formed on the appressorial substratum interface; the wall is 
extremely thin in this region, lacking melanin and chitin, and membrane cistemae 
and vesicles have been reported to accumulate around it (Bourett & Howard, 1990). 
A ring has been observed around the periphery of the pore, possibly serving to seal 
the pore to the substratum (Howard & Ferrari, 1989). The penetration peg cytoplasm 
is characterized by the absence of any recognisable organdies with the exception of a 
few apical vesicles. This has been referred to as a "zone-of-exclusion" and it has 
been hypothesised that actin, which is present, may play a role in its formation 
(Bourett & Howard, 1991, 1992; Howard & Valent, 1996). 
In many fungal pathogens there is evidence that penetration involves enzymatic 
weakening of the cuticle by fungal enzymes such as cutinase (Jeffree, 1996; Hamer & 
Holden, 1997; Howard, 1997). A gene encoding cutinase has been isolated in 
M grisea; however cut- mutants were found to be competent in pathogenesis and 
sporulation (Sweigard et al., 1992a,b). M grisea is able to penetrate synthetic 
surfaces made from polyethylene, Mylar (polyethylene terephthalate), and even 
Kevlar (p-phenylene terephthalamide), (Howard et al., 1991a). Appressorial turgor 
has been estimated to exceed 8.0 MPa, making it one of the highest cell turgor 
pressures measured to date (Bechinger et al., 1999; Money, 1999). The appressorium 
has been demonstrated to derive its invasive force solely from this turgor pressure 
(Howard et al., 1991 a; Money & Howard, 1996), which is achieved by accumulating 
osmolytes such as glycerol in the cytoplasm during germination and germ tube 
growth (de Jong et al., 1997). 
Appressoria of M grisea possess a layer of melanin (-100 nm thick) just outside the 
plasma membrane (Howard & Valent, 1996). There is evidence in this and other 
pathogenic fungi that melanin plays a role in virulence (Woloshuk et al., 1980, 1981; 
Wheeler & Bell, 1988; Wheeler & Greenblatt, 1988; Chumley & Valent, 1990). The 
appressoria of melanin-deficient M grisea mutants alb, buf and rsy are unable to 
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penetrate artificial substrata and to infect intact host leaves, but are able to infect 
plants via leaf wounds (Howard & Ferrari, 1989; Chumley & Valent, 1990). They are 
also unable to generate the high tiirgor pressure estimated in the melanised 
appressoria of the wild-type and to accumulate glycerol. Thus, it has been suggested 
that melanin in the appressorial cell wall serves as a barrier to prevent glycerol from 
leaking out of the cell (Money & Howard, 1996; de Jong et al., 1997; Money, 1999). 
Topographical and chemical features of the host surface have been demonstrated to 
induce differentiation in many plant pathogen systems (Kaminskyj & Day, 1984; 
Hoch et al., 1987; Hoch & Staples, 1991; Read et al., 1992b, 1997; Kolattukudy et 
al., 1995; Collins & Read, 1997). Physical and chemical features of the substratum 
such as relative hydrophobicity and host surface wax and its components have been 
demonstrated to influence differentiation in M grisea (Uchiyama et al., 1979; 
Uchiyama & Okuyama, 1990; Lee & Dean, 1993; Jelitto et al., 1994; Xiao, et al., 
1994b; Gilbert et al., 1996; Dean et al., 1996; Hegde & Kolattukudy, 1997). 
Recently, a gene (PTH1 1) has been implicated in host surface recognition by 
M grisea, and it has been proposed that either hydrophobicity or cutin monomers 
alone are sufficient to induce differentiation (DeZwaan et al., 1999). 
1.3.5 Invasion of host tissues 
In M grisea, once the penetration peg has been produced by the appressorium and 
has successfully penetrated the plant cuticle and cell wall it enlarges to form a 
primary infection hypha, which in turn differentiates into a branched and bulbous 
secondary hypha, from which colonisation of the host tissue then takes place 
(Fig. 1.2e), (Heath et al., 1990, 1992; Koga, 1994). Infection is rapid: 10% of the 
biomass of an infected plant can be composed of fungal material after just 72 hours 
post inoculation. 
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Hours post  Conidial events during infection 
hydration 
0 	Hydration, dispersal and contact with rice leaf surface. 
Adhesion by spore tip mucilage. 
Apical and basal cells generate high turgor pressure (1.3-1.4 M1Pa); middle cell is less 
turgid. 
0.5-1.5 	Turgor in all three cells falls (middle cell least turgid). 
Germination of one or more of the three cells. 
Germ tube elongation. 
Extracellular matrix associated with the germ tube. 
Apical cluster of cytoplasmic vesicles present in germ tube near the substratum. 
	
2-4 	Genii tube tip growth ceases. 
Hook formation. 
Mitotic division in cell from which germ tube originates. 
One nucleus migrates into developing appressorium. 
Septum forms between germ tube and appressorium. 
New outer wall layer forms over expanding appressorium. 
Appressorium cell wall thins in the pore region. 
Membrane cisternae and vesicles abundant in appressorium near substratum. 
4-8 	Melanisation of appressorium begins. 
Membrane cisternae and vesicles absent in appressorium. 
Appressorium pore becomes well defmed. 
16-24 	Granular substance (possibly an adhesive) accumulates at appressorium substratum 
interface. 
Glycogen rosettes abundant in appressorium cytoplasm. 
Appressorial pore ring becomes visible. 
24-31 	Formation of appressorial pore wall overlay. 
Glycogen rosettes nearly absent in the cytoplasm of the appressorium. 
Penetration peg emergence from the appressorium. 
Actin present at penetration peg. 
31-70 	Formation of primary infection hyphae. 
48 	Development of bulbous secondary hyphae. 
Hyphae spread to adjacent epidermal cells. 
72 	Hyphae spread into mesophyll cells. 
Up to 10% of total plant biomass is fungal. 
96-168 	Lesions on rice leaves and conidiation. 
Table 1.3: Summary of events during infection by Magnaporthe grisea with approximate timing. 
Note' that most research concerning the pre-penetration phase of infection by M grisea has been 
conducted in vitro. The information presented in this table is summarised from: Ou, 1980a; Bourett 
& Howard, 1990, 1994; Xiao et aL 1994a; Jones et aL, 1995; Talbot, 1995; Howard & Valent, 
1996; Money & Howard, 1996. 
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Initially infection is of a biotrophic nature, ultimately becoming necrotrophic, which 
often results in the death of the host plant (Talbot, 1995). Lesions may form within 
4 days after spore germination and conidia by 7 days (Ou, 1980a); and the cycle of 
infection then returns to the phase of release and dissemination (Fig. 1.2). In 
temperate regions where only one annual rice crop is grown, dissemination between 
host plants and between crops can not occur in a continuous cycle of infection, and in 
this case the fungus overwinters in crop residue and seeds, although the transfer of 
infection by seed is thought to be limited (Bonman, 1992). 
The main events during differentiation and the subsequent infection stages in M 
grisea have been summarised in Table 1.3. 
1.4 FUNGAL SPORE ORGANELLES AND 
THEIR ORGANIZATION DURING 
GERMINATION 
Tip growth, which is exhibited by fungal hyphae and germ tubes, is characterized by 
localised deposition of new plasma membrane and cell wall in the tip region, with 
concomitant cytoplasmic migration (Heath & Steinberg, 1999). The organelles within 
this cytoplasm are not, as it was once believed, simply dragged along by cytoplasmic 
flow, but instead exhibit independent motility. Organelle movement has been 
categorised as either organelle motility, or organelle positioning and is characterized 
by "rapid (1-10 .tmIs), erratic (showing frequent stops and starts and moving variable 
distances each time), and bidirectional [movement]" (McKerracher & Heath, 1987). 
In contrast, the position of some organelles (e.g. nuclei and mitochondria) within the 
cytoplasm is often constant in relation to the hyphal tip, and they move at the same 
rate as the cytoplasm (McKerracher & Heath, 1986a,b, 1987). The cytoskeleton has 
been demonstrated to be intrinsic to organelle movement and positioning in 
filamentous fungi. Microtubules, microfilarnents and their associated motor proteins 
have been identified in a range of filamentous fungi (Heath, 1995; Steinberg, 2000). 
In the germlings of Uromyces appendiculatus, microtubules and F-actin 
microfilaments were shown to be orientated along the longitudinal axis of the germ 
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tube, and to alter their organization in response to inductive substrata! cues (Kwon et 
al., 1991). Microtubules and kinesins/dynein have been shown to be important for 
nuclear, mitochondrial and vacuolar movement and/or position in a number of 
filamentous fungi (McKerracher & Heath, 1 986a,b; Heath, 1995; Steinberg et al., 
1998; Wu etal., 1998; Hyde etal., 1999; Fischer, 1999; Seiler etal., 1999). There is 
evidence that they play a role in vesicle transport but they might also be important in 
organelle movement and positioning (Oakley & Rinehart, 1985; Shepherd et al., 
1989; Heath, 1995; Steinberg, 1998, 2000; Torralba et al., 1998; Fischer, 1999; 
Seiler, et al., 1999). Furthermore, they may be central to the process of cytoplasmic 
migration and tip growth (McKerracher & Heath, 1987; Heath & Steinberg, 1999). 
Fungal organelles exhibit considerable morphological variation, not only between 
species but also between individuals. In the latter case this can depend on the cell 
type, stage of cell development or location within a fungal hypha. However, even 
adjacent organelles can exhibit different morphologies, (e.g. the vacuolar system 
might have vesicular elements adjacent to tubular and larger spherical elements). 
Such morphological differences may reflect variation in a specific organelle's 
function or stage of development. These variables are important when analysing 
image data as different cell compartments can look very similar or very different. 
Ultrastructural data collected on organelle organization and morphology prior to the 
advent of freeze substitution techniques for TEM must be interpreted with caution 
because chemical fixation has been demonstrated to induce artefactual changes in 
morphology as it can take up to several minutes to arrest membrane flow (Howard & 
Aist, 1979; Howard, 1981; Hoch, 1986; Howard & O'Donnell 1987). For example, 
chemical fixation has been demonstrated to cause vesiculation of the vacuole in 
plantsa and fungal hyphae, and in the endosomal system of animal cells (Wilson et 
al., 1990; Ashford, 1998). 
1.4.1 Nuclei 
The nucleus is surrounded by a double membrane and is commonly spherical to 
ovoid in shape, although its morphology is dependent on its stage in the nuclear cycle 
(Beakes, 1981; Beckett, 1981; Heath, 1981). Nuclear pores span the double 
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membrane, regulating the passage of macromolecules between the nuclear matrix and 
cytoplasm. These inner and outer membranes are continuous with one another, the 
former contains attached chromatin and the latter is studded with ribosomes and 
appears in places to be continuous with the endoplasmic reticulum (ER); indeed in 
animal and plant cells and in several fungal species it has been demonstrated that the 
rough ER and outer nuclear membrane are continuous (Beckett et al., 1974; Stryer, 
1988; Evans& Graham, 1989; Morré, 1990). 
Most filamentous fungi are haploid, typically with small genomes of approximately 
30 Mb (roughly 1% of the size of the average mammalian genome), and usually have 
nuclei of 1-3 pm in diameter, (Clutterbuck, 1995; Markham, 1995). The fungal 
hypha characteristically contains multiple nuclei within a common cytoplasm, and 
this might act to shield the mycelium from disadvantageous mutations within the 
haploid nuclear population. A small genome will be able to replicate quickly and 
perhaps is less prone to mutation, (Clutterbuck, 1995; Markham, 1995). 
A nucleus is required in the proximity for most biosynthetic processes to occur and 
nuclei are able to move throughout the fungal cytoplasm, and sometimes over 
considerable distances (Markham, 1995; Suelmann et al., 1997; Fischer, 1999). This 
makes the fungal hypha an excellent system in which to study nuclear migration, a 
process crucial to cytokinesis in eukaryotic cells, and several models for nuclear 
migration have been proposed (Fischer, 1999). Being small allows the nucleus to 
pass through small gaps such as septal pores or through the narrow bridges between 
anastomosed mycelia (Clutterbuck, 1995). Migration of the nucleus is often coupled 
with transient morphological changes, (e.g. nuclei passing through a septal pore may 
become characteristically dumbbell shaped), (Hunsley & Gooday, 1974; Markham, 
1995). 
In ungerminated spores, nuclei are commonly roughly spherical and often located 
centrally within each spore cell (e.g. Hawker & Abbot, 1963; Delvecchio, et al., 
1969; Gull & Trinci, 1971; Hoch & Staples, 1983; Mims et al., 1988, 1997; Van 
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Dyke & Mims, 1991; Roberts et al., 1996; Mollicone & Longcore, 1999). However, 
as in the mycelium, the nucleus displays morphological plasticity and this is 
especially noticeable when a nucleus migrates up a thin germ tube, requiring it to 
elongate (e.g. Hawker & Abbot, 1963; Van Dyke & Mims, 1991). Nuclear shape can 
apparently change passively, e.g. in ungerminated spores of Colletotrichum 
truncatum, the spherical shape of the nucleus is occasionally distorted by lipid bodies 
that press against it (Van Dyke & Mims, 1991). 
The number of nuclei in ungerminated spores varies between species and sometimes, 
as in N crassa, between conidia of the same species (Schmit & Brody, 1976). The 
number often increases during or just before germination (e.g. Van Dyke & Mims, 
1991; Maheshwari, 1999). In the conidia of M grisea each of the three cells contain a 
single identical nucleus (Ou, 1980b). During germination the nucleus within the 
germinated cell divides by mitosis, and one of the resultant nuclei migrates into the 
developing appressorium (Bourett & Howard, 1990), (see Table 1.3). 
1.4.2 Mitochondria 
Mitochondria are the sites of respiration and energy generation in eukaryotes. They 
possess a double membrane. The outer membrane contains transport systems by 
which the breakdown products of carbohydrates, proteins and lipids pass into the 
mitochondrion. The central matrix compartment contains all the enzymes associated 
with the final oxidation of these breakdown products and the inner membrane is in 
the form of highly folded cristae that contain the electron transport system essential 
to the production of ATP (Evans & Graham, 1989). Endosymbiotic in origin, 
mitochondria are able to synthesize many of the mitochondrial proteins and lipids 
required for their own function as they have retained their own ribosomes and some 
of their own DNA. Others are encoded by nuclear DNA and synthesized by 
ribosomes within the cytoplasm and transported into the mitochondria (Alberts et al., 
1989). 
As in mammalian cells, the mitochondria of fungal cells are observed at higher 
densities where energy is required; for example they extend into the subapical region 
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of growing hyphal tips (Stryer, 1988; López-Franco & Bracker, 1996; Fischer-Parton 
et al., 2000), and are present at high densities within maturing sporangia (Weber et 
al., 1998) and adjacent to the flagella of zoospores (Lange & Olson, 1998). In Mucor 
mucedo mitochondrial activity has been demonstrated to be higher during 
sporangiospore formation than during germination or within the vegetative hyphae 
(Weber et al., 1998). In the Oomycete Phytophthora infestans mitochondrial activity 
has been demonstrated to be very high within the vegetative hyphae (Pitt et al., 
1998). In Oomycetes and the Zygomycete Basidiobolus ranarum, the inner 
mitochondrial membrane is folded into a meshwork of tubes (Grove & Bracker, 
1970; Weber et al., 1998). However, in most fungi (like other eukaryotes), extensive 
folding of the inner membrane forms cristae, which are stacked more or less regularly 
across the width of the mitochondrion (Beckett et al., 1974; Pitt et al., 1998; Weber 
et al., 1998). It has been suggested that the methods of fixation used might be 
responsible for some of the observed differences but this hypothesis remains untested 
to date (Weber et al., 1998). 
Mitochondrial morphology is highly variable within fungal hyphae. Ultrastructural 
studies have shown that the mitochondria in M grisea are filamentous, as in all 
major fungal groups. Filamentous mitochondria are usually -0.5 tm wide and up to 
5 tm in length, with some folded or coiled mitochondria being as long as 25 tm 
(Roberson & Fuller, 1988; Bourett et al., 1993; Markham, 1995; Lopez-Franco & 
Bracker, 1996; Bourett & Howard, 1996; Weber et al., 1998). Rod-shaped and 
spherical mitochondria are often present towards the fungal hyphal tip (Beckett et al., 
1974; Markham, 1995; Fischer-Parton et al., 2000). The filamentous morphology of 
mitochondria is probably an adaptation to hyphal growth, since mitochondria 
generally lie approximately parallel to the long axis of the hyphae (Markham, 1995). 
Mitochondria are often observed to be branched and given their filamentous nature, 
an individual mitochondrion can be simultaneously in contact with many different 
regions of a cell (Weber et al., 1998). Indeed the cells of. S. cerevisiae typically 
contain only one highly branched mitochondrion (Hoffman & Avers, 1973). 
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In ungenninated spores mitochondria are often reported to be spherical (e.g. Gull & 
Trinci, 1971; Millicone & Longcore, 1999), or elongated (e.g. Mims et al., 1988, 
1997; Mollicone & Longcore, 1999). The number of mitochondria usually increases 
with the onset of germination, although in the conidia of Botrytis cinerea this was 
found to be only a minor increase when expressed as a percentage of the total 
cytoplasmic area (Gull & Trinci, 1971; Mims et al., 1997). Mitochondria are often 
orientated in the direction of the longitudinal axis of the spore cells (e.g. Hoch & 
Staples, 1983; Roberts et al., 1996), and after germination their morphology is 
commonly filamentous (e.g. Hawker & Abbot, 1963; Mims et al., 1997), although in 
Uromyces mitochondria remain smooth and rounded (loch & Staples, 1983). 
1.4.3 Vacuolar system 
Once thought to be organelles that simply served to fill hyphae emptied of cytoplasm 
by the growing tip region, vacuoles are now acknowledged as having a number of 
important physiological roles in fungal cells. They are acidic organelles that bear 
many similarities to the mammalian lysosomal system (Klionsky et al., 1990; 
Ashford, 1998). The principal roles of the fungal vacuole include storage, 
osmoregulation and the control of cytoplasmic composition (Ashford, 1998; see 
references therein). The finding that there are seven different mechanisms by which 
cellular components can be imported into the yeast vacuole could be indicative of the 
importance of the vacuole in cellular physiology (Klionsky, 1997). 
In filamentous fungi the vacuolar system is composed of extensive networks of 
spherical and tubular elements that have been demonstrated in fungal hyphae to be 
interconnected over long cellular distances (Shepherd et al., 1989, 1993; Rees et al., 
1994; Hyde & Ashford, 1997; Cole etal., 1998; Ashford, 1998; Orlovich & Ashford, 
1998). In mature hyphal regions vacuoles are primarily spherical but in younger 
hyphal regions the vacuole is composed of extensive networks of spherical and 
tubular elements (Hyde & Ashford, 1997; Cole et al., 1998). The vacuolar network in 
living hyphae has been visualised using vital dyes and in unstained material, 
revealing its dynamic nature (Shepherd etal., 1989, 1993; Rees etal., 1994; Hyde & 
Ashford, 1997; Cole et al., 1998). Ashford (1998) has described it as involving 
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"tubule tip extension and retraction, dilation and contraction, fusion of tubules with 
spherical vacuoles, movement of varicosities along tubules, and the reversible 
conversion of tubules into strings of interconnected vesicles". Similarly they have 
been described in several members of the Oomycetes, although interestingly they 
were found to differ from the tubular vacuolar system of the true fungi by being more 
frequently branched and less mobile (Allaway et al., 1997). Although the vacuolar 
system of the budding yeast S. cerevisiae is primarily spherical, tubules were found 
to arise from vacuoles of mature cells and extend into developing buds (Weisman et 
al., 1987; Weisman & Wickner, 1988). 
The vacuolar system of fungal spores has been less well characterized. Ultrastructural 
studies have revealed that in several members of the Erisyphales (Erisyphe pisi, E. 
cichoracearum, and E. graminis) the vacuoles are typically located in the centre of 
the conidium (McKeen et al., 1967; Martin & Gay, 1983; Roberts et al., 1996). 
Elongated interconnected vacuoles have been identified in basidiospores of 
Gymnosporangium juniper-virginianae (Mims et aL, 1988). However, in 
ungerminated spores of Alternaria cassiae and Uncinuliella australiana the vacuoles 
are mostly spherical and do not change appreciably during germination (Mims et al., 
1997). In ungerminated spores of C. truncatum the vacuolar network was shown to 
consist of a mixed population of primarily spherical vacuoles with some elongated 
vacuoles that were occasionally observed to be branched. Just prior to germination 
vacuoles were generally smaller in size and present in greater numbers, although the 
germinating cell was never found to be highly vacuolated (Van Dyke & Mims, 1991). 
In nondifferentiated germlings of Uromyces, vacuoles are absent from the first 15-
20 gm of germ tube tip. Numerous small (0.2-3p.m) vacuoles are present behind this 
region, most of which are interconnected, beyond this region the vacuoles are larger 
and often in the form of cylindrical cisternae with slight constrictions spaced at 
regular intervals along their length (Hoch & Staples, 1983). Increased vacuolation is 
often reported after germination, (e.g. Gull & Trinci, 1971; Van Dyke & Mims, 
1991) and vacuoles are often reported to contain inclusions (e.g. Hoch & Staples, 
1983; Van Dyke & Mims, 1991; Roberts et al., 1996). 
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Ultrastructural studies of M grisea germlings have shown that different 
morphological vacuolar types exist within the continuous cytoplasm, without any 
apparent connection between the organdies (Bourett & Howard, 1994). The germ 
tube and adjacent conidial cytoplasm contains two types of vacuole: (1) irregularly 
sized and shaped with a heterogeneous matrix, often containing membrane bound 
inclusions, and (2) consisting of branched cistemae with a fairly homogenous, 
coarsely granular matrix. A third type of vacuole was identified in ungerminated 
conidial cells that comprised interconnected subspherical vacuoles with inclusion 
bodies. In addition, a larger vacuolar type characterized by branched cisternae was 
observed within the somatic hyphae. 
1.4.4 Endomembrane system 
The endomembrane system is considered to be " ...the structural and developmental 
continuum of internal membranes that characterizes the cytoplasm of eukaryotic 
cells" (Morré, 1990), and in animals and plants includes the nuclear envelope, 
endoplasmic reticulum, Golgi cisternae, vacuoles and the plasma membrane, as well 
as various transfer vesicles (Morré, 1990; Satiat-Jeunemaitre et al., 1996). In 
eukaryotes the endomembrane system is responsible for the processing, sorting and 
delivery of newly synthesized macromolecules which are destined for the 
lysomosomal/vacuolar system or for secretion at the cell surface, and for the 
internalization of molecules and membrane by endocytosis and their subsequent 
processing and targeted transport (Morré, 1990; Ashford, 1998; Fischer-Parton et al., 
2000). The endomembrane system of filamentous fungi has proven difficult to 
characterize both biochemically and structurally and is much less well understood 
than in animal and plant cells. 
1.4.4.1 Endoplasmic reticulum 
The endoplasmic reticulum (ER) is responsible for the synthesis of proteins and 
lipids. The rough ER bears ribosomes on the cytoplasmic face and is the site of 
membrane protein synthesis. The smooth ER is responsible for the synthesis of 
membrane lipids and the addition of core carbohydrate residues to produce 
glycoproteins (Evans & Graham, 1989). 
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In higher fungi the ER profile is typically of a sheet type and predominately 
concentrated in the subapical zone of growing hyphae and is often observed as being 
closely associated with the membranes of other organdies (Beckett et al., 1974; 
Grove, 1978). In M grisea, sheets of rough ER have been identified behind the 
hyphal tip and large amounts of rough ER were also observed to be present within 
the developing appressorium (Howard et al., 1991b; Bourett & Howard, 1996). It 
was shown, using green fluorescent protein (GFP) targeted to ER in the hyphae of 
A. nidulans, that the ER is present in the form of a network that extends throughout 
the cell to within 1-2 m of the hyphal tip (Femández-Abalos et al., 1998). The ER 
can be specialised in different regions of the hypha or specialised cell types. For 
example, in Basidiomycetes, the ER sheets are often seen to be continuous with the 
parenthosome (the perforated cap that sits over the dolipore in a septum), and it is 
thought that the parenthosome is a differentiated form of ER (Gull, 1978). During the 
biotrophic phase of infection by U viciae-fabae, the ER cisternae within the 
haustorial mother cell forms tubular ER which is more dilated than usual (called the 
tubular-vesicular complex), (Mendgen et al., 1995). 
Ungerminated spores characteristically have very little ER, sometimes appearing in 
electron micrographs as short membrane profiles (e.g. conidia of Botrytis cinerea; 
Gull & Trinci, 1971), fenestrated sheets (e.g. conidia of Blumeria graminis f.sp. 
hordei; Roberts et al., 1996; Mollicone & Longcore, 1999) or as strands/tubules (e.g. 
chlamydospores of Thielaviopsis; Delvecchio et al., 1969; Van Dyke & Mims, 1991), 
and usually scattered throughout the cytoplasm. However, this is not always the case; 
the ungerminated asco spores of Neurospora have extensive longitudinally orientated 
ER profiles associated with the plasma membrane, which have been correlated with 
the ribbed spore wall ornamentation of the genus (Dutta et al., 1981). Once spore 
germination has begun, the density of ER usually increases and it often takes the 
form of sheets of single or parallel, flattened cistemae which are often associated 
with the nucleus (Gull & Trinci, 1971; Smith & Berry, 1974; Schmit & Brody, 1976; 
Hoch & Staples, 1983; Mollicone & Longcore, 1999). In C. truncatum more ER was 
observed within the germ tube than the conidium (Van Dyke & Mims, 1991). In 
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Uromyces, ER is present throughout the germ tube cytoplasm, but most prominently 
near the plasma membrane, with the exception of the region in contact with the 
substratum (Hoch & Staples, 1983). 
1.4.4.2 Golgi equivalents 
Animals, plants, and members of the Oomycota possess a Golgi apparatus with 
stacked cisternae (Grove & Bracker, 1970; Beckett et al., 1974; Bracker et al., 1996). 
It is responsible for the addition of terminal sugar groups to glycoproteins and 
glycolipids, processing (e.g. enzymatic modification of carbohydrates) and for 
assembling lipids and proteins into the correct conformation for incorporation into 
membranes or for secretion (Evans & Graham, 1989). 
Most fungi do not possess a multi-cistemal, stacked Golgi apparatus and instead have 
individual smooth membrane cistemae that have been described as "Golgi 
equivalents" (Howard, 1981; Bourett & Howard, 1994, 1996; Grove & Bracker, 
1970; Bracker et al., 1996). In the hyphae of M grisea and Fusarium acuminatum, 
two classes of Golgi equivalents have been identified on the basis of cisternal 
diameter: wide and narrow (Howard, 1981; Bourett & Howard, 1994, 1996; Satiat-
Jeunemaitre et al., 1996). They appear somewhat pleomorphic in nature, but both 
types are interpreted as a system of anastomosing tubules or fenestrated sheets, and 
are often arranged as hollow spheres or elongated cistemal structures that can 
ensheath a mitochondrion. Typically more than one type of these cisternae can be 
found within any one hyphal cell. There is also evidence that Golgi equivalents vary 
between species; in F. oxysporum three distinct populations have been identified, 
whilst in S. cerevisiae the cistemae consist of three functionally distinct 
subcompartments (Mendgen et aL, 1995). 
In basidiospores of G. juniper-virginianae the Golgi equivalents are variously shaped 
segments of inflated cistemae and were reported to be similar to those found 
previously within hyphae (Mims et al., 1988). Similar structures are present in the 
nondifferentiated germlings of Uromyces (Hoch & Staples, 1983) where the cistemae 
are also distributed throughout the germ tube, and are most abundant in the apical 
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15-20 I.im of the germ tube. In the ungerminated conidia of B. graminis f.sp. hordei, 
Golgi equivalents appear as a circular arrangement of vesicles in cross section that 
were sometimes associated with ER (Roberts etal., 1996). 
1.4.5 Spitzenkörper and apical vesicle cluster 
Growing hyphae of the higher fungi (Ascomycota, Basidiomycota and 
Deuteromycota) characteristically possess an apical apparatus known as the 
Spitzenkorper (Markham, 1995; Gow, 1995). The dynamic behaviour of the 
Spitzenkorper is intimately associated with the precise growth pattern of the hyphal 
apex (Bartnicki-Garcia et al., 1995; López-Franco & Bracker, 1996). The 
Spitzenkorper is not an organelle because it is not bounded by a membrane. Rather it 
is a multicomponent organelle complex predominated by secretory vesicles that 
comprise what is commonly described as an "apical vesicle cluster" (AVC) (Grove & 
Bracker, 1970; López-Franco & Bracker, 1996). Several other components can be 
associated with the Spitzenkorper and these include a vesicle cloud, a differentiated 
core region, ribosomes, actin microfilaments and microtubules. The pattern formed 
by these components varies between genera and nine distinct Spitzenkorper patterns 
have been defined (López-Franco & Bracker, 1996). 
When imaged by computer-enhanced, phase-contrast microscopy, the Spitzenkorper 
of M grisea hyphae has a phase dark vesicle cluster with an eccentric light core 
orientated towards the apical pole (López-Franco & Bracker, 1996). In comdia of M 
grisea, vesicles (ca. 80 nm) are distributed within the cytoplasm near to the region at 
which the new germ tube is emerging (Bourett et al., 1993). An AVC of cytoplasmic 
vesicles has been reported to be asymmetrically localised near the substratum in the 
tips of growing germ tubes. This is different from the location of the Spitzenkorper of 
vegetative hyphae, which is more centrally located in the growing tip (Bourett & 
Howard, 1990; Fischer-Parton et al., 2000). The dynamic behaviour of the germ tube 
AVC has not been studied in relation to its role in the germ tube growth pattern. 
31 
1. REVIEWOF THE LITERATURE 
1.4.6 Other cellular components commonly observed in fungal 
spores 
1.4.6.1 Multivesicular bodies 
Multivesicular bodies (MVB) appear as a membrane-bound sac of vesicles and are 
often located just below the AVC. The role and precise nature of this cytoplasmic 
inclusion remains elusive. It has been proposed that the vesicles are chitosomes 
because the shell around the chitosome does not contain phospholipid (Grove, 1978; 
Bartnicki-Garcia et al., 1979). Multivesicular bodies have been reported to contain 
acid phosphatases, and to fuse with larger vacuoles and so it has been proposed that 
they are part of the lysosomal system (Hoch & Staples, 1983). It has been suggested 
that they could be intimately involved with the endocytic compartments and perhaps 
serve in membrane receptor sorting (Ashford, 1998), (see Section 1.5). MVB are 
often observed within ungerminated spores (e.g. Van Dyke & Mims, 1991; Roberts 
et al., 1996) and have been observed in the appressoria of M grisea (Bourett & 
Howard, 1990). However, in conidia of Botrytis cinerea, MVBs were only present 
within germinating conidia and germ tubes but never in dormant conidia (Gull & 
Trinci, 1971). 
1.4.6.2 Woronin bodies 
Woronin bodies are only observed in filamentous fungi, and are characteristic of the 
Ascomycota and Deuteromycota (Markham, 1995). They appear in electron 
micrographs as an electron-dense proteinaceous lattice surrounded by a membrane. 
Commonly located near the septum, they are sometimes observed to block the septal 
pore; an observation that has led to the proposal that the function of Woronin bodies 
is to plug septal pores, and thus maintain spatial organization within the mycelium 
(Markham, 1995). Woronin bodies have been observed within spores, for example 
spores of Alternaria cassiae have been reported as having numerous Woronin bodies 
present near the septum, which sometimes appear to plug the septal pore (Mims et 
al., 1997). Interestingly, Woromn bodies have been reported to bud from MVBs in a 
number of fungi (Roberts et al., 1996). In M grisea Woronin bodies have been 
identified near the septum in germinated conidia (Bourett et al., 1993). 
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1.4.6.3 Storage compounds infungal cells. 
As discussed in Section 1.3.3.5, fungal spores mobilize lipids, carbohydrates and 
proteins during germination. Glycoproteins have been demonstrated to be present 
within the spore cytoplasm of a number of fungal species, and they appear in electron 
micrographs as electron-transparent "white spots" within the spore cytoplasm 
(Roberts et al., 1996). 
The lipid content of most spores is significantly higher than that of mycelia, ranging 
from 5-17% of their dry weight, although it could be as high as 35% in some species 
of rusts (Weete, 1981). Triacylglycerols are neutral and virtually insoluble in water. 
They coalesce in the cytoplasm, forming lipid droplets that have been observed 
within the cytoplasm of spores and in a number of species, including M grisea, 
commonly appearing in the form of numerous droplets often distributed throughout 
the cell cytoplasm (Mims et al., 1988; Money & Howard, 1996; Read & Beckett, 
1996; Schadeck et al., 1998; Ho et al., 1999; Riggs & Mims, 2000). However, lipid 
can also be localised within the spore, as in Botrytis cinerea, in which they are 
situated around the periphery of the cell (see Buckley et al., 1966), and sometimes, as 
in Halosphaeria appendiculata and the zoospores of Rhyzophydium lipid forms a 
central complex (Barr & Hadland-Hartmann, 1978; Hyde et al., 1997). Microbodies 
and mitochondria are sometimes observed to be associated with lipid within the spore 
cytoplasm (Barr & Hadland-Hartmann, 1978; Mims etal., 1988; Mims & Snetselaar, 
1991). In some spores, however, lipid bodies have not been observed (e.g. 
B. graminis Esp. hordei; Roberts etal., 1996). 
Once germination has commenced lipid bodies commonly dramatically reduce in 
density, or even disappear completely (Daly et al., 1967; Delvecchio et al., 1969; 
Shadeck etal., 1998). However, as in nondifferentiated germlings of Uromyces, lipid 
bodies are present throughout the germ tube, but are more concentrated at some 
distance behind the growing tip, where they probably coalesce to form larger bodies 
(Hoch & Staples, 1983). 
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Glycogen has been reported to occupy a large proportion of spore volume, (e.g. it was 
estimated to comprise one half of the volume of Erisyphe cichoracearum conidia; 
McKeen et al., 1967). At the ultrastructural level glycogen appears in the form of 
rosette-like structures or electron dense deposits within the cytoplasm and sometimes 
within vacuoles (e.g. Mims et al., 1995; Read & Beckett, 1996). In M grisea, 
glycogen has been reported to be bound by Concanavalin A within conidia; however 
the extent and distribution of this binding was not reported (Bourett et al., 1993). 
Extensive carbohydrate reserves are formed within the cytoplasm of maturing 
basidiospores and ascospores (Sundberg, 1978; Mims et al., 1995; Read & Beckett, 
1996; Ho et al., al., 1999). In several members of the Erisyphales (E. pisi, 
E. cichoracearum, and E. graminis), deposits interpreted as glycogen are typically 
localised in the centre of the conidium (McKeen et al., 1967; Martin & Gay, 1983; 
Roberts et al., 1996). There is also evidence that glycogen is present within the 
cytoplasm of the germ tubes of Uromyces, in which it was most abundant at some 
distance behind the growing tip in the same region as lipid droplets (Hoch & Staples, 
1983). 
1.5 THE PROCESS OF ENDOCYTOSIS 
Cells must control the uptake of molecules from the external environment, and this is 
one of the principal roles of the plasma membrane (Evans & Graham, 1989). A major 
route by which macromolecules enter animal cells is via the endocytic pathway. 
Endocytosis is the process by which molecules outside the cell are internalized within 
endocytic vesicles which typically form from coated pits, which invaginate from the 
plasma membrane. There are two different types of endocytosis, distinguished on the 
basis of how the endocytosed molecule enters the vesicle: (1) receptor-mediated 
endocytosis in which the molecule is bound by specific or nonspecific receptors 
within the pit, and (2) fluid-phase endocytosis in which the molecule is passively 
internalized by the cell as part of the fluid trapped within the lumen of the vesicle 
(Ashford, 1998). 
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The endocytic pathway in animals has been the subject of much research and is well 
understood in general terms and it appears that plant cells also possess a similar 
pathway (Watts & Marsh, 1992; Gruenberg & Maxfield, 1995; Hawes et al., 1995; 
Mellman, 1996; Ashford, 1998; Blatt et al., 1999). In animal cells, after the endocytic 
vesicle is released from the plasma membrane into the cytoplasm, it enters the lytic 
pathway. This is a complex system of functionally interrelated membranous 
compartments, ultimately terminating in the lysosome, which contains a wide range 
of hydrolytic enzymes. This pathway also interacts at different stages with the protein 
synthesis/secretory pathway, via the Golgi complex in particular (Evans & Graham, 
1989; Ashford, 1998). There is uncertainty as to how material is transferred between 
the different compartments within this endosomal-lysosomal network, and to what 
extent these compartments are physically related (Watts & Marsh, 1992; Gruenberg 
& Maxfield, 1995; Meilman, 1996; Ashford, 1998). However, vesicles are believed 
to play a central role in this process and for so the entire pathway has been referred to 
as the "vesicle trafficking pathway" (Blatt etal., 1999). 
1.5.1 Endocytosis in filamentous fungi 
On the basis of structural and biochemical analysis it now seems likely that fungal 
cells possess an analogous pathway to the lytic pathway of animal cells, in which the 
vacuolar network functions in a similar manner to the endosomal-lysosomal network. 
However, it has yet to be established whether endocytosis is a component of this 
pathway (Ashford, 1998). There is accumulating evidence for the existence of 
endocytosis within filamentous fungi (Hoffinan & Mendgen, 1998; Ashford, 1998; 
Fischer-Parton, et al., 2000; Read & Hickey, 2000; Wedlich-Sölder et al., 2000). 
Various methods have been utilized to investigate whether endocytosis occurs in 
fungal cells. In animal and plant cells clathrin-coated pits and vesicles play a major 
role in endocytosis (Coleman et al., 1988; Hawes et al., 1995; Mellman, 1996). 
Coated vesicles have been identified in fungi (Howard, 1981; Caesar-Ton That et al., 
1987; Bourett & Howard, 1991). One class of coated vesicles are the filasomes, 
which are microvesicles that are surrounded by an actin network (Howard, 1981). 
Filasomes are commonly located in the subapical region of the hyphae in association 
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with the plasma membrane and have been proposed as a candidate for endocytic 
vesicles (Ashford, 1998; Fischer-Parton etal., 2000) 
Endocytic vesicles may be labelled either by (1) labelling the vesicle lumen using a 
fluid-phase endocytic marker or (2) labelling the vesicle membrane with molecules 
that bind the membrane but are unable to cross it. These approaches enable 
components of the endocytic pathway to be identified by TEM or confocal 
microscopy and have been employed most successfully in animal cells (Ashford, 
1998). Cole et al. (1997) were unable to demonstrate that endocytosis occurs within 
the hyphae of Pisolithus tinctorius, using a number of fluid-phase endocytic markers. 
In spite of this, the evidence that endocytosis occurs within filamentous fungi is 
increasing. The membrane dye FM4-64 has been used as an endocytic marker in 
animal systems (Betz et al., 1996) and has been demonstrated to be internalized by 
hyphae in a range of filamentous fungi (Fischer-Parton et al., 2000; Read & Hickey, 
2000; Wedlich-Sölder et al., 2000). Internalization of FM4-64 has been demonstrated 
to be an energy-dependant process in budding yeast and in some fungal cells and this 
finding is also consistent with endocytic uptake of this dye (Vida & Emr, 1995; 
Hoffman & Medgen, 1998; Wedlich-SOlder et al., 2000). Fungal hyphae internalize 
FM4-64 rapidly and the distribution and timing of staining supports the hypothesis 
that the dye was internalized by endocytosis (Fischer-Parton et al., 2000; Read & 
Hickey, 2000). Furthermore, the same distribution and timing of FM4-64 staining 
was observed in both yeast cells and the protoplasts of sporidia of Ustilago maydis 
(Vida & Emr, 1995; Wedlich-Sölder etal., 2000). 
Whilst there is evidence that the germ tubes of Uromyces fabae, M grisea, P. 
graminis and U maydis internalize the membrane label FM4-64 (Hoffman & 
Mendgen, 1998, Fischer-Parton et al., 2000; Wedlich-Sölder et al., 2000), the fungal 
spore itself has not yet been studied. 
1.5.2 Possible roles of endocytosis in fungal cells 
The accumulating evidence that endocytosis occurs within fungal hyphae has led to a 
proposed hypothetical model of the vesicle trafficking network in fungi (Fig. 1.3) 
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(Fischer-Parton et al., 2000, Read & Hickey, 2000). The possible functions of 
endocytosis in fungal hyphae have also been reviewed (Ashford, 1998; Fischer-
Parton et al., 2000; Read & Hickey, 2000) and will be considered here. 
SPK 
ER1 
E - endosome 
ER - endoplasmic reticulum 
G - Golgi cisterna 
SPK - SpitzenkOrper 
SSPK - satellite SpitzenkOrper 
V - vacuole 
—.--
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membrane 
i cell wall 
Figure 1.3: A hypothetical model of the organization of the vesicle trafficking network in a growing 
hypha based on the pattern of FM4-64 staining (reproduced from Fischer-Patton et al., 2000). 
1.5.2.1 Removal of excess plasma membrane 
It has been estimated that in N. crassa at least 38,000 vesicles fuse with the hyphal 
tip per minute (Collinge & Trinci, 1974; Wessels, 1986). New membrane is added to 
the plasma membrane when secretory vesicles fuse with it and calculations for both 
fungal hyphae and pollen tubes suggest that there is an excess of new membrane 
delivered to the plasma membrane, relative to the amount of cell wall components 
required to maintain tip extension (Picton & Steer, 1983; Fischer-Parton et al., 2000). 
Endocytosis is thought to be the best candidate for a membrane retrieval mechanism 
in both plants and fungi (Steer, 1988; Fischer-Parton et al., 2000, Read & Hickey, 
2000). In both U fabae and N. crassa, initial internalization of the membrane label 
FM4-64 was observed to take place behind (Ca. 5-15 pm) the hyphal tip (HoffInan & 
Mendgen, 1998; Fischer-Parton et al., 2000). In fungal hyphae this region has been 
found to contain a high density of filasomes (Roberson, 1992) and in pollen tubes a 
high density of clathrin-coated pits and vesicles (Derksen et al., 1995). Furthermore, 
the fungal vacuolar system has been proposed as the fungal equivalent to the 
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endosomal-lysosomal network of animal cells, and it is most active in the subapical 
region of the hyphae (Ashford, 1998). It has been suggested that membranous 
aggregates (termed plasmalenmiasomes or lomasomes) found to be associated with 
the plasma membrane in chemically fixed fungal hyphae imaged by TEM might have 
been caused by the breakdown of an endocytic membrane retrieval system during the 
early stages of hyphal death (Read & Hickey, 2000). These results suggest that in 
both plant and fungal tip growing cells, a region of increased endocytic activity exists 
behind the growing tip, a finding that would be consistent with the recycling of 
excess plasma membrane by endocytosis. 
It has also been proposed that recycled membrane might be delivered to the vacuolar 
system (Read & Hickey, 2000), and contributes to the large, primarily spherical 
vacuoles present within mature hyphal regions (Cole et al., 1998; Hyde & Ashford, 
1997). 
1.5.2.2 Recycling of membrane protein and lipid 
In order that the hyphal tip is equipped with the necessary proteins for growth (e.g. 
receptors, ion channels, enzymes), these proteins must be either synthesized de novo 
or recycled from older regions of the hyphal plasma membrane. Biosynthesis is a 
biochemically expensive process and so recycling proteins would seem to make 
energetic sense. Animal cells are known to recycle proteins, and even to store 
receptors within the lysosomal system prior to relocating them to the plasma 
membrane (e.g. Evans & Graham, 1989; Hein et al., 1994; Mukherjee et al., 1999). 
Although there is no direct evidence of membrane protein recycling within 
filamentous fungi, in budding yeast two of the three plasma membrane chitin 
synthetases are recycled via endocytosis (Chuang & Schekman, 1996; Ziman et al., 
1996, 1998; Holthius etal., 1998). 
The phospholipid composition of a membrane alters its physical characteristics 
(Ellar, 1978). For example, there is evidence that as the percentage of phosphatidyl 
choline in a membrane increases there is a related increase in membrane fluidity, and 
that changes in the concentration of this phospholipid in the plasma membrane could 
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be important in the control of mycelial morphology, and in particular in hyphal 
branching (Ellar, 1978; Bainbridge et al., 1979; Markham et al., 1993). Endocytosis 
is known to be responsible for lipid sorting in animal cells and might provide a 
mechanism by which membrane phospholipids can be removed, and so play a role in 
controlling the plasma membrane phospholipid composition and thus hyphal 
morphogenesis (Mukherjee etal., 1999). 
1.5.2.3 Transport of membrane proteins and lipids to the vacuole for 
degradation 
The lipid and protein components of membranes are constantly degraded and 
synthesized (Evans & Graham, 1989). The half-life of cellular proteins and amino 
acids varies greatly, and can be very short (e.g. arginine -'2 min in the cytosol). 
Furthermore, oxidative damage to proteins occurs over time, and errors made during 
translation can result in the synthesis of defective proteins (Stryer, 1988). The fungal 
vacuole is considered to be the lytic compartment of the fungal cell (see section 
1.4.3) and endocytosis might serve to transport proteins and lipids destined for 
degradation to the vacuole (Ashford, 1998). This is supported by findings that 
spherical vacuoles are ultimately stained by the membrane label FM4-64 in fungal 
hyphae and yeasts (Vida & Emr, 1995; Fischer-Parton et al., 2000; Wedlich-Sölder et 
al., 2000) 
1.5.2.4 Uptake of molecules in fluid-phase endocytic vesicles 
The uptake of molecules in the fluid-phase of endocytic vesicles is a non-specific 
process; the only limitations are that the molecule is able to pass through the cell wall 
to the plasma membrane and is small enough to be encompassed within an endocytic 
vesicle. Thus, factors such as size, charge and glycosylation are important (Gooday, 
1995). It has been suggested that some nutrients are internalized by fluid-phase 
endocytosis in budding yeast (Dulic et al., 1991). To date the only evidence that 
fluid-phase endocytosis occurs in filamentous fungi is reported for protoplasts of 
U maydis sporidia which internalized Lucifer Yellow within the vacuolar system 
(Steinberg et al., 1998). In hyphae of P. tinctorius no evidence of internalization of a 
number of fluid-phase markers was found (Cole et al., 1997). 
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1.5.2.5 Uptake of signalling molecules involving receptor-mediated 
internalization of ligands 
There is no evidence that filamentous fungi internalize specific molecules by 
receptor-mediated endocytosis. However, there is considerable evidence that yeast 
cells internalize molecules by endocytosis; the sex pheromone a-factor is internalized 
by yeast in a manner characteristic of endocytosis; furthermore, it was found that 
yeast mutants selected for their inability to accumulate the fluid-phase endocytic 
marker Lucifer Yellow, also did not accumulate the sex pheromone a-factor (Rieder 
et aL, 1996; Ashford, 1998). Filamentous fungi also produce pheromones and there 
are a number of examples in which they exhibit positive chemotropism towards 
pheromones (Bölker & Kahmann, 1993). Another possible role of receptor-mediated 
endocytosis is in the uptake of host signalling molecules by germlings and hyphae in 
host-pathogen interactions (Mendgen etal., 1995; Read & Hickey, 2000). 
1.6 INTRODUCTION TO THE RESEARCH 
DESCRIBEDIN THIS THESIS 
Very little is known about the cell biology of spore germination in fungal plant 
pathogens. Most research on M grisea has focused on the process of appressorium 
differentiation and the subsequent stages in the infection cycle. One of the main aims 
of this study was to characterize germination at the light microscope level and to 
investigate the role and relative importance of each conidial cell for successful 
conidial germination. This was partly achieved by developing a method in which 
individual conidial cells could be selectively killed by laser ablation, a technique that 
has not been previously used in fungal cells. 
Most of the published information relating to organelle organization within fungal 
spores has been obtained from TEM studies and therefore not in live cells. 
Consequently, very little is known about organelle organization within live spores, 
and even less about organelle dynamics during germination. Another main aim of 
this study was therefore to characterize organellar organization and dynamics in live 
and potentially pathogenic conidia throughout germination. The analysis used 
confocal microscopy and vital fluorescent stains. To obtain biologically meaningful 
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results, the in vitro system used for confocal microscopy was optimised so that it 
mimicked the situation in vivo on the rice leaf as closely as possible. 
Although there is growing evidence that fungal hyphae undergo endocytosis, fungal 
spores had not been previously investigated. Magnaporthe grisea presents an 
interesting system for such a study since the spores are able to germinate in pure 
dH20 and there is no evidence that external host signals are required for either 
germination, or germ tube growth. The final main aim of this study was to analyse 
and characterize endocytosis within living conidia during germination. To facilitate 
this, a quantitative method was devised which enabled comparisons to be made of the 
rate of uptake of endocytic markers into conidia. The first evidence that spores of 
filamentous fungi undergo endocytosis is presented and in addition the first direct 
evidence that a filamentous fungus undergoes fluid-phase endocytosis was also 
obtained. 
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2.1 PLANT AND FUNGAL GROWTH AND 
FUNGAL STORAGE 
2.1.1 Fungal media 
Oatmeal agar was made by heating 50 g of oat flakes (Scott's Porage Oats, A & R 
Scott, Cupar, Fife, Scotland) or oatmeal (Scottish Oatmeal, Hamlyns of Scotland, 
Grampian Oat Products, Banff Scotland) in 400 ml of dH 2O in an oven at 70°C for 
1 h. The resultant broth was strained and the liquid was retained and made up to 
1 litre with dH20. After adding 15 g of agar (Oxoid No. 3, Unipath Ltd., 
Basingstoke, Hampshire, UK) this was then autoclaved for 15 min at 121 °C. Plates 
were poured and then stored at 4 °C. 
2.1.2 Fungal growth on agar 
Magnaporthe grisea, strain 0-42 (supplied by Dr. Barbara Valent, DuPont Co., 
Wilmington, Del., USA) was inoculated onto oatmeal agar plates and grown at 24°C 
under continuous light (fluorescent lamps; 45 p.mol.photon.m 2 .s 1 ). 
2.1.3 Plant growth 
Two varieties of rice were grown (M-210, California Co-operative Rice Research 
Foundation Inc., and Sasawishi, AgrEvo UK Ltd., Chesterford Park, Saffron Walden, 
Essex). Rice plants were planted in loam covered in Vermiculite and grown in a 
- glasshouse (day and night temperatures of 25-30 °C and 20-25 °C respectively, and a 
relative humidity of 50-60%,) with additional overhead fluorescent lighting until 
reaching the second leaf stage. 
Plants were moved to growth rooms during experiments in which they were 
inoculated with the fungus. Plants are routinely grown in the dark for the 24 h 
following inoculation at AgrEvo UK Ltd because this has been found to improve 
infection by the fungus (pers. comm., C. Rutherford). Thus, immediately after 
inoculation the plants were placed in the dark for one day at 30 °C and thereafter 
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under a 16 h daylight cycle, with a maximum day temperature of 30 °C and a 
minimum night temperature of 22'C. A high relative humidity (90-100%) was 
maintained throughout plant growth. 
2.1.4 Producing fungal stock 
Subculturing of M grisea has been reported to have adverse effects on colony 
appearance, fertility and pathogenicity (Valent & Chumley, 1991). For this reason, 
enough fungal stock was produced at the start of the project for all subsequent 
experimental work. 
Rice plants were inoculated with conidial suspension (see Sections 2.2, 2.3). Plants 
were grown as described in Section 2.1.3. After 5 days, lesions had formed on the 
rice leaves. Pieces of infected leaf tissue (2 mm 2) were sectioned by cutting parallel 
to the central leaf vein. Leaf sections adjacent to the edge of the lesion were surface 
sterilised by submergence in 2-3% w/v sodium hypochiorite dissolved in 10 % v/v 
aqueous Tween 20 (polyoxyethylenesorbitan monolaurate) for 10 mm. Tweezers 
were used to agitate the sections and so prevent a protective air-leaf interface from 
forming. The leaf sections were then thoroughly washed in sterile dH20 and each 
was then placed on either an oatmeal agar plate or on an autoclaved damp filter 
paper, which was placed on top of an oatmeal agar plate (Whatman No. 1, Whatman 
Int., Maidstone, UK). Petri dishes were left open for 30 min to allow the plate surface 
to dry and then closed. Cultures were grown under the conditions described in 
Section 2.1.2, until the mycelium had covered the plate. Filter paper samples were 
removed from the agar, left to dry for a further few days and then frozen in sealed 
Petri dishes (-20 °C). Agar-only samples were left until the agar had dried-out before 
freezing in the same way. Fragments of these samples were used as fungal inoculum 
stock. 
2.1.5 Techniques to reduce or eliminate contamination 
Bacterial contamination of fungal cultures was an intermittent problem, and was 
confirmed by staining with the membrane dye FM4-64 (method described in Sections 
2.7-2.8). Antibiotics were not used because it was considered that they might also 
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influence spore growth and germination, thereby introducing an unknown variable 
into subsequent experiments. Two sources of contamination were isolated: 
Some of the fungal stock was contaminated by bacteria from the rice leaf. The 
technique employed to sterilise rice leaves was not consistently effective. These 
plates could be recovered by centrifuging (2,000 rpm for 2 mm) spores scraped from 
the filter paper inoculum in 15 ml sterile dH20 and discarding the supernatant. The 
spores were resuspended in sterile dH 20 and Ca. 200 tl of this spore suspension was 
used to inoculate the oatmeal agar plate. Petri dishes were left open for 30 min to 
allow the plate surface to dry and then grown as described in 2.1.2. 
During the third year of the project all sources of porridge oats tested were found 
to be contaminated by a thermophilic member of the Bacillus genus. This was 
confirmed by Gram staining the oat extract liquid after autoclaving (as described in 
Heritage & Evans, 1996). Following this discovery, oats were sterilised before use by 
tyndallising the oat extract prior to the addition of agar. This was performed by either 
steaming (for 1 h) or autoclaving (as described in Section 2.1. 1)  the oat-extract liquid 
three times. The liquid was incubated at 30 °C for 24 h between each treatment. 
2.2 METHOD OF HARVESTING SPORES 
Comdia were harvested on either a small or large scale, depending on the amount of 
inoculum required. Spores were harvested on a small-scale from localised regions of 
the mycelium. This allowed young comdia to be selected for experimentation. 
Several methods were employed and they are listed below. 
Eppendorf harvesting: Ca. 1 cm2 of mycelium was scraped from the edge of a 
fungal culture with a sterile scalpel and added to 0.5 ml of sterile dH20 in an 
Eppendorf tube. After brief agitation with a pipette tip, the liquid was used to 
inoculate the cover slip (CS). The average time of inoculation was 1 min post 
hydration. This method was used in experiments that required a number of 
replicates. 
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• Float harvesting: Ca. 5 mm  of mycelium was scraped from the edge of a fungal 
culture and floated on a 50-100 .tl droplet (on a CS) of sterile dH20, or dye 
solution, depending on the experiment. After 1 min the piece of culture was 
removed. Inoculation time was the same as hydration time. This method was used 
for individual samples, and for harvesting spores in the presence of dye. 
• Dry harvesting: a damp filter paper was placed in the Petri dish lid for 1 h 
preceding harvesting in order to increase humidity and the occurrence of STM. A 
glass CS was placed on the fungal colony, removed after 3 sec or longer and 
50 .il of dH20 was added to the CS. The inoculum was defined as the area 
immersed by 1420. 
Spores were harvested on a large scale using the entire culture by the two methods 
listed below. 
• Scrape harvesting: an entire culture was harvested and conidia were suspended in 
a liquid suspension (ca. 2.5 x 10 5 conidia.m1 1 ) as described by Jelitto et al. 
(1994). This method was used for population counts of percentage germination 
and differentiation. Average time of inoculation was 12 min post hydration. 
• Flood harvesting: the fungal culture was flooded with 10 ml sterile dH20 and 
gently rubbed with a glass rod. The resultant spore suspension was transferred by 
sterile pipette to a 15 or 30 ml polystyrene centrifuge tube, and the culture was 
rinsed with a further 10 ml of dH20 that was then also transferred to the tube. The 
average time of inoculation was ca. 3 min and the technique was used where 
inoculation by spraying was performed (see Section 2.3). For smaller volumes of 
inoculum at a higher conidial density, the conidial suspension was centrifuged 
(2000 rpm for 2 mm), and the spores were re-suspended in d1120 to the required 
spore concentration. This technique was used in the in vivo pathogenicity test 
(Section 2.12.3). 
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2.3 METHODS FOR INOCULATING LEAVES 
AND ARTIFICIAL SUBSTRATA WITH 
CONIDIA 
For most experiments performed in vitro, 50 or 100 p1 droplets of conidial 
suspension were delivered by a Gilson pipette onto the substratum, or spores were 
inoculated by float harvesting (Section 2.2). Rice leaves (and detergent washed CS 
controls) were either inoculated with droplets of 10-30 .tl delivered by a Gilson 
pipette, or sprayed with a Cub SLG gravity-feed HVLP (High Volume Low Pressure) 
gun (Bink Sames Corporation, USA). 
2.4 CHEMICALS 
Unless otherwise stated, chemicals were purchased either from Sigma Chemical 
Company (Sigma-Aldrich Company Ltd, Poole, Dorset, UK), or Aldrich Chemical 
Company (Gillingham, Dorset, UK). Dyes were either purchased from Molecular 
Probes, (Molecular Probes Inc., Eugene, Oregon, USA.) or Sigma Chemical 
Company. 
2.5 IN VITRO SYSTEM 
2.5.1 Incubation chambers 
humidity chamber 
with lid 
damp filter paper 
droplet of spore 
suspension 
er slip supported by 
ss microscope slide 
Figure 2.1: Conidia were inoculated onto glass cover slips that were supported by two glass 
microscope slides within a humidity chamber. The chamber had damp filter paper in the base, and 
was covered with a plastic lid. The same system was used for in vivo experiments, in which each 
glass cover slip was replaced by a rice leaf attached to a glass slide (Section 2.12). 
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Conidia were inoculated onto 22 x 64 mm glass CS (No. 1 Chance Propper, 
Warley, UK) supported by slides placed on damp filter paper (Whatman No. 1) 
within plastic humidity chambers. Chambers were incubated in the dark (wrapped in 
black photographic bags) at 24 °C (Fig. 2.1). 
2.5.2 Artificial substrata 
Cover slip glass (no. 1 1/2: Chance Propper, Warley, UK) and a thin Teflon TM  film 
(polytetrafluoroethylene; as described by Hamer et al., 1988; kindly provided by 
DuPont Co., Wilmington, Del., USA), were assessed as artificial substrata on which 
to germinate M grisea conidia. The TeflonTM  film was autoclaved prior to use. Cover 
slips (CS) were either untreated or cleaned by a variety of methods described below. 
• Untreated: CS were used directly as supplied by the manufacturers. 
• Detergent-washed (detCS): CS were separated and held in place by holders 
within a 3 litre plastic container into which tap water was fed by a mixer pipe at a 
high pressure. Hot (ca. 50 °C) tap water was used to wash the CS in 0.5 ml of 
Fairy Liquid detergent (Proctor & Gamble, Newcastle upon Tyne, UK), followed 
by continuous rinsing for at least 60 min in cold tap water. Finally the CS, were 
washed with 10 litres of sterile dH20. 
• Acid/Alkali-washed: CS were left overnight in either 2M NaOH or chromium 
trioxide (5 g NaCr2 dissolved in 100 ml of concentrated H2SO4,  which produces 
an acidic solution of Cr0 3) and then rinsed thoroughly in double distilled H20. 
• Heat-treated: CS were wrapped in aluminium foil and heated in a muffle oven for 
4-5 hat400°C. 
• Silanised: CS were immersed in 5% Decon 90 (Decon Laboratories Ltd, E. 
Sussex, UK) overnight, thoroughly rinsed with sterile dH20, heat-treated (as 
above), immersed in Sigmacote (stock code SL2) for 10 mm, immersed and 
agitated in absolute ethanol for 10 mm, rinsed thoroughly in at least 10 litres of 
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sterile double-distilled 1120, and stored in a pressurised desiccator for 1-2 days 
(re-pressurised once a day) before use. 
2.5.3 In vitro system and microscopy 
To examine fungal inocula on artificial substrata or on the leaf surface by light 
microscopy, samples were covered with a humidity chamber. For all live cell analysis 
there was no CS on top of the inoculum. The room temperature was set to 24 ± 1 °C, 
and the light on the microscope was set to a low intensity and turned on only when 
necessary. All experiments were performed in low-level light conditions. 
2.6 LIGHT AND FLUORESCENCE 
MICROSCOPY 





x40 dry Plan Apo - 0.95 Nikon 
x40 oil Ph4 DM 1.0 
If 
x60 oil 'I 1.4 it 
X1 00 oil 1.4 it 
x40 oil DIG 1.0 Polyvar 
xlOO oil DIG 1.32 
If 
x5 Plan-NEOFLUAR Ph 2 0.15 Zeiss 
xlO 11 03 
II 
x20 it 05 
to 
x40 'S it  0.75 
of 
x40 water immersion Ph 3/DIG 0.8 
go 
x63 (dipping) Ph 3/DIG 0.9 
of 
Table 2.1: Microscope objectives used in this study. Microscope specifications are given in the text. 
Bright field, phase (ph) and differential interference contrast (DIC) optics were used. 
Conventional light microscopy was performed using the following microscopes. 
• Nikon Diaphot TMD inverted microscope. 
• Zeiss Axiophot photomicroscope (Zeiss, Western Germany), with a Nikon 
35 mm Camera or a CCD video camera (JVC model KY-F55B), which was used 
48 
2. MATERIALS AND METHODS 
to collect digital images with the KS300 software package (Imaging Associates, 
Zeiss). 
- • Zeiss Axioskop2 upright microscope with an Axiocam digital camera. Images 
were collected in Axiovision version 2.0.5.3 (Carl Zeiss Vision). This system was 
used with x40 and x63 water immersion objectives (Table 2.1) to analyse 
germination by differential interference contrast microscopy. 
The objective lenses used on each system are shown in Table 2.1. High numerical 
aperture objectives were used for confocal microscopy and germ tube measurements 
in order to optimise the axial resolution and to reduce spherical aberration. Macro 
images were collected on a Zeiss Stereo-Zoom Stemi SV100 binocular microscope 
with an Olympus 35mm camera. 
2.7 FLUORESCENT DYES 
2.7.1 Preparation and storage 
Details of fluorescent dyes used for confocal microscopy analysis, along with their 
loading parameters, are shown in Table 2.2 and Figure 2.2. 
2.7.2 Dye loading 
Unless otherwise specified, dyes were either added to the inoculum at a specific time 
after hydration, or in the case of float harvesting, the spores were inoculated in the 
presence of the dye. Times were recorded as min post hydration (this is the total time 
after which the spores were harvested), and min post dye (this is the total time of 
incubation in the dye). Note that the number of min post hydration and post dye were 
the same when spores were inoculated in the presence of the dye. Some dyes were 
left in solution throughout the experiment and others were washed out of the solution 
either by: 






2. MATERIALS AND METHODS 
• bleeding 5-7 ml of sterile dH20 through the inoculum by capillary action using 
strips of tissue (especially useful when the sample must remain on the microscope 
stage, e.g. specific spores being studied). 
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Figure 2.2: Structures of some of the dyes used in this study. Note that FITC was used conjugated 
to a 10 kDadextran. 
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Molecular Excitation Stock Stock Storage Working conc. 
Dye selectivity Dye Cat. no.n weight Ex (nm) Em (nm)X filter conc. (mM)
a 
 solvent (°C) 
carboxyDFFDA 0-6151 496.38 492 517 BHS 10 DMSO -70 7.5 
carboxyDCFDA C-369/C-368 529.29 495 529 BHS 100 DMSO 5 
carboxy FDA C-195 460.4 494 518 BHS 10 DMSO ' 3-10 
Vacuolar MDY-64 Y-7536 384.48 456 505 BHS 10 DMSO " 10-20 
system FUN-i F7030 528.84 508 550I600 GHS 10 DMSO ' 5-10 
BCECF-AM ester B-1150 —615 482 520 BHS 10 DMSO -20 10 
Oregon Green AM ester 0-6807 1258 494 523 BHS 10 DMSO -20 8-10 
carboxy SNARF-1 AM C-1272 567.55 488-530 580/640 GHS 0.2 OMSO -20 2-5 
Rhodamine 123 R-302 380.83 507 529 GHS 10 Methanol -70 7.5 
Rhodamine B, hexyl ester R-648 627.18 556 578 GHS 1 DMSO -70 0.1 
mitochondria DIOC6 D3652* 572.53 484 501 BHS 10 Ethanol -20 5 
DASPMI D-288 366.24 475 605 BHS 10 DMF -20 15-25 
MitotrackerTm M-7514 671.88 490 516 BHS 1 DMSO -70 0.1 
SYTO 11 S-7573 —400 508 527 GHS 5 DMSO -20 1-10 
SYTO 12 S-7574 - 300 499 522 BHS/GHS 5 OMSO 
nuclei SYTO 13 S-7575 - 400 488 509 BHS 5 DMSO 
SYTO 14 S-7576 - 500 517 549 GHS 5 DMSO 
SYTO 16 S-7578 —450 488 518 BHS 1 DMSO 
Acridine Orange (base) A-1301 301.82 500 526 BHS 10 H20 ' 5-10 
endocytic FM4-64 T-3166 607.51 515 640 GHS 16.5 DMSO -20 7.5 
markers Lucifer Yellow CH L453* 457.24 428 536 BHS 20 mg.m1 1 1120 ' 0.2 mg.m11 
FITC-dextran FD10S* 10,000 494 519 BHS 20 mg.m1 1 H20 " 4mg.m1 1 
lipids Nile Red N-1142 318.37 552 636 GHS 1 mg.mr 1 DMSO -20 0.6pg.mr 1 
® All dyes were purchased from Molecular Probes except those asterisked, which were from Sigma; BHS/GHS see Table 2.4; all jM unless otherwise stated; ® all mM 
unless otherwise stated; 0 all stock solutions were initially made into 250 tM aqueous substocks; © full name is Yeast vacuole membrane marker MDY-64; 550nm 
(cytoplasm), 600 nm (vacuolar inclusions); ® Some esters are relatively insoluble in H 2O and this can be overcome by preparing the working solution in 2% aqueous pleuronic 
detergent (Molecular Probes). 
Table 2.2: Dyes assessed as vital stains for M grisea conidia. Excitation wavelengths are quoted from the manufacturers' product information, but can vary with 
external conditions, in particular pH. Abbreviations: concentration (conc.); maximum excitation X (ex); maximum emission k (em). 
2. Mi TERIALS AND METHODS 
2.7.3 Other staining procedures 
2.7.3.1 Staining glycogen 
The periodic acid-Schiff reaction (Pearse, 1985) was modified to allow samples to be 
imaged by confocal microscopy (pers. comm. C. Jeffree). Conidia were float-
harvested in 50 tl of dH20 on detCS. A range of sodium metaperiodate 
concentrations (0.1-10%w/v) were assessed over a range of incubation periods (5-
60 mm) and the best results were obtained when 5 ml of 10 % w/w sodium 
metaperiodate (lOg of crystals heated at 70°C in 100 ml water until they had 
completely dissolved) was bled through the inoculum by capillary action (using a 
piece of tissue) and samples were left for 45 min in the presence of the acid. The acid 
was then washed out of solution by capillary action using 5 ml of dH20. The dye 
Lucifer Yellow CH was added at a concentration of 0.2 mg.ml and washed out after 
5 mm (Table 2.2). A CS was placed over the sample and the spores were imaged by 
confocal laser scanning microscopy using the "individual image" parameters (Section 
2.8, Table 2.3). 
Controls were conducted to determine whether (1) oxidation by 10% w/w sodium 
metaperiodate alone causes conidial cells to fluoresce, and (2) the fluorescence 
detected originated from Lucifer Yellow CH that was bound within the cells. The 
techniques used were as follows. 
Conidia were treated and imaged as above, but Lucifer Yellow CH was not added 
to the solution. 
Conidia were incubated in Lucifer Yellow CH without being oxidised by sodium 
metaperiodate. The dye will not enter intact cells and so in order to permeablise the 
spores (in the absence of the acid) the sample (on a detCS) was irradiated by the 
Nikon light microscope light (set to maximum) using a x40 Plan apo objective and 
with the field diaphragm aperture fully open. The dye Lucifer Yellow CH was added 
at a concentration of 0.2 mg.mF' and washed out after 5 mm. A CS was placed over 
the sample and the spores were imaged as described above. 
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2.7.3.2 Staining lipid 
The lipophilic dyes FM4-64 and MDY-64 were added to conidia that had been 
desiccated either by the method described in Section 2.7.3.1 or by dry harvesting the 
conidia in the presence of the dye. The spores were desiccated in order that FM4-64 
and MDY-64, which normally stain the plasma membrane (Betz et al., 1996; 
Haugland, 1999), could directly enter the cytoplasm and stain the internal structures. 
2.8 CONFOCAL MICROSCOPY 
Conidia were analysed using a confocal laser scanning microscope (CLSM), a 
technique which offers several advantages over conventional optical microscopy, the 
most important being that images are free from out-of-focus blur (Sheppard & 
Shotton, 1997). The CLSM used was a Bio-Rad MRC-600 (described by Read et al., 
1992a) attached to a Nikon inverted microscope (Section 2.6) running COMOS, 
MPL and TCSM software (versions 7.0) supplied by Bio Rad (Hempel Hempstead, 
UK). Further image analysis was performed with Confocal Assistant (ver. 4.02), 
OPTIMAS (version 5.2; Optimas Corporation) and Paint Shop Pro (vers. 5.01; Jasc 
Software, Inc.). 
Live-cell 	 Individual 
Variable 	 time-courses 	 images 
Laser power 1 % 3% 
Scan speed 1 sec/frame 3 sec/frame 
Low signal enhance - ON 
Photomultiplier gains 50-70% 50-70% 
Black-level setting 10 10 
Kalman filter* 1-2 4 
Confocal aperture 20-33% 20-33% 
Electronic zoom 3-4 3-4 
optical sectioning - 0.1-1 pm 
objective (Plan Apo) x40 dry x40 dry or x60 oil 
averages successive scans 
equivalent to a pinhole of 3-5 on the Bio-Rad MIRC-600 
Table 2.3: Imaging parameters used on the confocal laser scanning microscope. See Table 2.1 for 
microscope objective details. 
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The confocal microscope used in this study was equipped with an 25 mW argon ion 
laser with both blue (488 nm) and green (514 nm) excitation filters (Table 2.4). The 
settings used varied depending on whether the conidia were being imaged as part of a 
time series or as an individual image (Table 2.3). 
The range of Nikon objectives were used for conlocal microscopy (Table 2.1). Live-
cell time-courses were collected using the x40 dry or oil objectives in order to reduce 
the extent to which the sample was exposed to the confocal laser. For fine detail the 
x60 or x 10 oil objectives proved to be best and they were used to collect individual 
images and short time-courses (Table 2.1). A rapid scan speed of 0.25 sec per frame 
with a laser power of 1% was used in order to focus and position the sample before 
collecting an image. Bright field images were also collected using the transmission 
device with the confocal aperture fully open. 
2.8.1 Single and dual wavelength imaging 
In most cases single channel fluorescence imaging was used, in which the loaded dye 
was excited with either blue (BEtS) or green (GEtS) fluorescence and the image was 
collected in channel 1 (see Table 2.4). Channel 2 was sometimes used to collect a 
simultaneous bright field image. 
Filter 	Excitation 	Dichroic 	Emission 
set 	filter (nm) 	reflector 	filter (nm) 	Channel 
Standard BHS 	488 	510 LP 	 515 LP 	 1 
Standard GHS 	514 	540 LP 	 550 LP 	 1 
A2 	 - 	 600 LP 	 600 LP 	 I 
540±15BF 2 
SNARF 	 - 	 610 LP 	580 ± 15 BE 
640±2OBF 	2 
Custom-made for dual wavelength imaging of carboxy SNARF- 1 during pH analysis 
Table 2.4: Filter sets used for CSLM. All values are wavelengths in nanometers (nm). 
Abbreviations: BHS/GHS (Blue/Green excitation filter), LP (Long Pass filter), BF ( Barrier filter). 
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Use of dual wavelength imaging allowed the simultaneous detection of two dyes 
loaded in to one spore. Both dyes were excited at the same wavelength and their 
emission spectra were separated by a filter block, enabling them to be collected in 
different channels (Table 2.4). The effectiveness of this technique was dependent on 
the differences in emission spectra of the dyes and how these relate to the available 
filter block used to separate the signal. This could be established by initially imaging 
each dye separately, and checking to see how much of the signal was confined to one 
channel. 
2.8.2 Precautions taken to protect live cells during confocal analysis 
and experimental controls 
To ensure that conidia and germlings were alive and unperturbed during data 
collection, a number of experiments were performed to examine the potentially 
cytotoxic effects of the fluorescent dyes used, the phototoxic effects of the confocal 
laser, and any possible effects caused by interactions between these two factors. 
Cytotoxicity was assessed by comparing the mean percentage maximum germination 
and differentiation in the presence of a range of dyes and in the absence of dye. The 
dyes were applied at 5 min post hydration at a concentration of 10 PM. This 
concentration was selected because it was the maximum dye concentration used 
during analysis by confocal microscopy. The experiment was performed on TeflonTM 
in order to optimise differentiation and reduce experimental variation, which had 
previously been found to be greater on detCS. (see Table. 3. 1, Section 3.2.2.1). 
Germ tube growth rate was used as a measure of potential phototoxic effects caused 
by exposure to the laser during confocal analysis. Two experiments were performed. 
In the first, seven conidia (no dye) were imaged every 20 min from 20-180 min post 
hydration with CLSM live-cell time-course settings (see Table 2.3) with one scan per 
image (Kalman 1) and the GHS excitation filter. The second experiment was 
performed on germlings (with germ tubes of 2-20 j.tm in length) in the presence of 
the principal organelle dyes, at the concentrations used to collect organelle data 
(Table 2.2). The CLSM settings were as before but with two scans per image 
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(Kalman 2) and the appropriate excitation filter for each dye (Table 2.4). Images 
were collected either every 1 min or every 4 mm. As before, the control (no dye) was 
excited by the BHS excitation filter block, which was chosen in preference to the 
GUS because excitation of <500 nm has been reported to be highly cytotoxic, making 
it the potentially more damaging of the two (Sheppard & Shotton, 1997). 
2.8.3 Data extraction 
CLSM images intended for extraction of fluorescence values were collected as 
median optical sections using the COMOS software. Photomultiplier gains were set 
such that autofluorescence from the spore was negligible (55-65% gain) and the 
fluorescence signal from the samples was between 11-255 grey scale units. The 
background fluorescence values were maintained at 10± 0.2 grey scale units per 
pixel. As a precaution, control (no dye) time-courses were collected for analysis 
during each experiment to ensure that conidial autofluorescence did not increase 
under different experimental conditions (e.g. in the presence of sodium azide). Direct 
comparisons between data were only made when the data had been collected using 
the same settings. 
OPTIMAS v.4.0 image analysis software (Media Cybernetics) was used to extract 
fluorescence data from these images. Regions of interest were defined in each 
conidial cell from which data were extracted in the form of mean fluorescence per 
pixel (grey scale units). The region of interest was the largest possible rectangle that 
did not encompass the plasma membrane region. So that the values might be 
expressed as mean conidial fluorescence, they were converted to total fluorescence 
for each cell, the three cellular values were then summed and divided by the total 
number of pixels measured within the conidium, which effectively weighted 
fluorescence of each cell by its image area. 
2.8.4 z-Series and 3-dimensional reconstruction of images 
By collecting confocal images (x,y scans) through a series of successive focal planes 
(axial z-scan) a complete in-focus projection of the specimen along the z axis can be 
recorded. The distance between these z-series of images can be defined by the user 
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and in this study was 0.1-1.0 gm: most commonly 0.2-0.4 pm, however when a 
spore was at an extreme angle to the substratum the z-step was increased to avoid 
photobleaching of the dye. The axial and lateral resolution of the objectives used in 
this study have previously been calculated (with a 30% confocal aperture) to be 
1.3 Jtm and 0.6 gm, and 0.8 j.tm and 0.4 pm for the x40 thy and x60 oil objective 
respectively (Parton et al., 1997). Thus the physical overlap between optical sections 
can be calculated and the final set of images reconstructed as a 3-dimensional image. 
This was performed using the Confocal Assistant (version 4.02) software. 
2.9 LOW-TEMPERATURE SCANNING 
ELECTRON MICROSCOPY 
Comdia were flood harvested and inoculated onto rice leaves and detCS using a 
spray gun (Section 2.3). The inoculated samples were then prepared for low-
temperature scanning electron microscopy (LTSEM) using the Polaron 
Cryopreparation system interfaced with a Philips XL30 FEGSEM scanning electron 
microscope (Multi Imaging Centre, Dep. of Anatomy, Cambridge University). 
Samples were mounted on customised LTSEM stubs using Tissue Tek O.C.T. 
compound (Miles Laboratories, Naperville, Illinois, USA) as a cryoadhesive. Sample 
mounting was performed as rapidly as possible (within 1 mm) to minimise sample 
desiccation. The mounted sample was cryofixed by plunging it into sub-cooled 
nitrogen under dry nitrogen gas. Specimens were examined either fully frozen-
hydrated, or partially freeze-dried after warming to -90 °C on the LTSEM cold stage. 
The sublimation of free H20 was visually monitored at 2 kV before re-cooling and 
sputter-coating. Most material was sputter-coated with gold and examined below - 
170 °C at 5 kV. Digital images were captured using the MS Windows-compatible 
software supplied with the Philips XL30 SEM. 
2.10 ASSESSMENT OF GERMINATION AND 
DIFFERENTIATION IN VITRO 
Germination and differentiation were assessed on glass CS by light microscopy 
(Nikon; x40dry) between 0-24 h post hydration. The start of germination was taken 
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as the point at which the length of the emerging germ tube was more than half its 
width. At this point the conidial wall was deformed and the germ tube was clearly 
emerging. The percentage germination was the percentage of the spore population 
that had germinated ([no. of germlings/total number of spores]x 100) and the 
percentage differentiation was the percentage of germlings that formed appressoria 
([no. of differentiated conidia/total number of germlings]x 100). 
2.11 ASSESSMENT OF GERM TUBE GROWTH 
RATE 
The rate of germ tube growth was assessed on detCS at 24.5 ± 1 °C in the dark. Germ 
tubes were measured at intervals of 5-15 min on the Nikon Light Microscope (x40 
oil) with a Sony CCD camera linked to a frame grabber (DT55, Data translation 
Berkshire, UK) controlled by OPTIMAS (v.4.0) image analysis software (Media 
Cybernetics). A humidity chamber was placed over the CS and the microscope light 
was set to a low intensity and used as little as possible. Plan Apo objectives were 
used to minimise errors that might arise in length measurements due to spherical 
aberrations (Table 2.1). Germ tubes were measured between 0-3 h post hydration. 
Data were extracted from the images using a Wacom Graphics tablet and pen 
(Wacom Co. Ltd, Japan). This was used in preference to a PC mouse, based on a 
comparison in which specific germ tubes were measured repeatedly showing that the 
data collected using the pen was more accurate and repeatable. A calibration image 
of the 100 J.tm micrometer grid was also used in this assessment. 
2.12 IN VIVO EXPERIMENTS 
2.12.1 Inoculating rice leaves with spore suspension 
Due to their extremely hydrophobic surface and shape, rice leaves are difficult to 
inoculate. The surfactant Tween 20 is routinely used for large-scale fungal 
inoculation (pers. comm. C. Rutherford). It acts as a wetting agent and so makes it 
easier to inoculate the hydrophobic leaf. When leaves treated with 0.51 j.ig.mF' 
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Tween 20 (20% of the standard concentration) were examined by light microscopy 
the surface wax was observed to be disrupted. Tween 20 was therefore not used 
during the inoculation of rice leaves. In the absence of a wetting agent, rice leaves 
were very difficult to inoculate at a scale high enough to allow spore counts. Even 
when held horizontally with double-sided tape, droplets ran off the leaf surface down 
the central vein, picking up other droplets en route. It was found that the 50 j.tl 
inoculum drops used on artificial substratum were too large; their weight and size 
made them more liable to roll off. Smaller droplets were more likely to stay in 
position, and the volume was therefore reduced to 10-30 .tl per droplet of inoculum. 
Various techniques were tried to increase the surface area of the rice leaf inoculated 
and the most successful was inoculation by spraying. It was important that the spray 
pressure was not too high and that the trajectory was such that the spores fell on the 
leaf, as otherwise the inoculum would bounce off the leaf, and knock off any droplets 
that had previously landed on it. 
2.12.2 A time-course of spore germination and differentiation on the 
rice leaf 
Rice leaves, stuck to glass slides with ScotchTM  double-sided tape (Pressure sensitive 
Tape, 3M from Agar Scientific), and detCS (control) were spray inoculated (see 
Section 2.3) with conidia that were flood-harvested (5 x 105 spore.mF 1 prior to spray 
inoculation), (see Section 2.2). They were incubated at 24 °C in humidity chambers 
in the dark (Fig. 2.1). A range of concentrations (0.05-5 mg.mi') of the dye, DIOC6, 
was assessed in order to determine one at which germination was inhibited but in 
which the physical appearance of the spores was unaffected. This enabled the 
samples to be fixed by the dye, allowing more time for counting. A concentration of 
0.5 mg.mF' was found to be the optimum of those tested; at higher concentrations the 
spores appeared granular and misshapen, whilst lower concentrations allowed some 
germ tube emergence to continue. At the post hydration time at which 
germination/appressorium count was required, the leaves and detCS were submerged 
in 0.5 mg.mi' DIOC6 and a large CS was placed over the leaf. Each detCS control 
sample was stuck to a glass slide by water adherence, with another CS placed on top 
of the inoculum. 
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When examined by fluorescence microscopy using the Zeiss microscope (see Section 
2.6) with blue fluorescence excitation, DIOC 6-stained spores and germ tubes were 
brightly fluorescent (green) against the less fluorescent rice leaf (red). Mature 
appressoria did not stain but were easily identifiable by their dark colour using 
standard light microscopy. The percentage germination and differentiation were 
therefore assessed using both fluorescence and bright field microscopy (Section 
2.10). In each experiment 2-4 replicates were counted at each time point for both the 
rice leaf and detCS, except for the last time point (>21 h) for which 6-8 replicates 
were counted for both substrata. All the comdia present in each sample were counted 
(average of 101 ±29 conidia per sample, n = 11, 827). The experiment was performed 
twice. 
2.12.3 An assessment of the relative pathogenicity of dye-loaded 
spores 
Rice plants were grown under glass until the second leaf stage and then transferred to 
the growth rooms for inoculation (Section 2.1.3, Fig. 2.3A,B). Pots containing rice 
plants were placed in trays of water with the second leaves (still attached to the plant) 
held horizontally by double-sided sticky tape. Each second leaf was inoculated with 
10-30 jil of inoculum (Fig. 2.3C). The different inoculum treatments are shown in 
Table 2.5. The dyes were added to the spore suspension prior to inoculating the rice 
leaves. All dyes were used at a final concentration of 10 p.M because this was the 
maximum dye concentration used during analysis by conlocal microscopy. 
All the plants in an individual tray were treated with the same inoculum . The 
position and approximate size of each droplet was recorded. Each tray of plants was 
covered by a polythene hood to isolate each treatment, and to maintain a high 
humidity (Fig. 2.31)). Precautions were taken to ensure that all equipment was 
sterilised and free from alternative sources of inoculum. 
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Figure 2.3: (A) Rice plants were grown under glass until the 2 leaf stage, (B) Pots containing rice 
plants were placed in trays of water. (C) Second leaves were held horizontally by double-sided 
sticky tape and each leaf was inoculated with 10-30 sl of spore suspension, (D) a polythene hood 
was placed over the tray to isolate each treatment and to maintain a high humidity. After 5d lesions 
formed and these were assessed. 
Treatment 	 Description 









vacuolar membrane dye 
pH/vacuolar dye 
control 1 (no dye) 
control 2 (no spores) 
Table 2.5: Pathogenicity test inoculum treatments. Rice leaves were inoculated with Magnaporthe 
grisea conidia loaded with one of a range of dyes (10 riM). The following controls were included: 
(I) water only, and (2) con idial inoculum that had not been loaded with dye. 
Five days after inoculation lesions formed and after 6 days these were scored as 
present or absent and images were captured using a Sony Digital photo camera 
(DKC-5000, 3 CCD) and collected using the Adobe Photoshop 4 software package. 
The leaves were also assessed microscopically (see Section 2.12.4). The experiment 
was performed once with rice variety M21 0 and twice with variety Sasawishi and at 
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conidial densities of 1, 2.5 and 4 x 103 conidia per ml. For each experiment one 
fungal culture was flood harvested to provide the inoculum for all treatments and 
replicates. 
The percentage of each comdial population that internalized each dye (10 jtM) was 
assessed. Conidia were imaged by confocal microscopy (Section 2.8). The signal was 
spit between the two channels: reflected light image in channel 2, and the 
fluorescence image in channel 1. A total of 4-11 samples (each of >500 spores) were 
counted for each dye. 
2.12.4 Assessing fungal lesions and scoring infection 
Leaves were detached from the plant and soaked for 1-2 days in a clearing solution 
(ethanol and dichioromethane were mixed in a 3:1 solution with 0.15 % 
trichloroacetic acid). This removed the pigmentation from the leaf tissue and allowed 
examination of stained fungal material within the leaf tissue. Three dyes were 
assessed as potential stains for internal fungal hyphae (Table 2.6). 
Dye 	 Stock 	 Working Concentration 
DIOC6 	 5 mg.mi in methanol 	 1:10 in H20 
Coomassie 	0.6 % in methanol + 15 % TCA 	 1:1 in H20 
brilliant blue G 
Aniline blue* 	 - 	 1:100 in H 20 
'soaked in 0.5M NaOH before addition of dye. 
Table 2.6: Dyes assessed as potential stains for internal fungal hyphae in cleared rice leaves 
infected by Magnaporthe grisea. Leaves were incubated for 10 min in each case. Abbreviations: 
trichioroacetic acid (TCA). 
Each dye was tested across a range of concentrations and times in solution. The most 
suitable concentrations are shown in Table 2.6, and these required that the rice leaf 
was incubated in the dye for 10 mm. Samples were agitated in the dye in order to 
breakdown the air interfaces that existed between the hydrophobic leaf surface and 
the dye solution. This ensured that the dye came into contact with the fungal material. 
It was essential that samples were thoroughly washed between each stage, especially 
after incubation in the dye. 
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Lesions were scored on the Zeiss microscope (see Section 2.6) by assessing the 
presence of fungal hyphae within the leaf tissue and the production of conidiophores: 
both were assessed inside and outside of the lesion. 
2.13 INHIBITOR EXPERIMENTS IN 
ENDOCYTOSIS STUDIES 
2.13.1 Azide treatment 
Conidia were Eppendorf-harvested, inoculated in 30-50 j.tl droplets onto detCS and 
covered by a humidity chamber. Sodium azide was added to the inoculum droplet by 
Gilson pipette, at the desired concentration from a 250 mM aqueous stock solution. 
After 2 min the dye solution was added by Gilson pipette and gently mixed into 
solution using the pipette tip. The volume of dye added depended on which dye was 
being used (Table 2.2). Where necessary, the dye was washed out with sodium azide 
solution at the same concentration as the inoculum, or with dH 20. Washing was 
carried out as described in Section 2.7.2 
2.13.2 Cooling treatment 
Conidia were Eppendorf-harvested in 4 °C water and 50 .tl droplets were inoculated 
in the refrigerator (4°C) onto a detCS on a metal microscope stage plate and then 
covered by a humidity chamber. All of the above experimental components, and the 
dye solutions, water and pipettes used to wash dye out of the inoculum, were cooled 
in the refrigerator for at least 3 h before the experiment. To ensure that the dye was 
thoroughly diffused at this temperature, the stocks were diluted in dH20, and 
depending on the dye, volumes of 10-20 jil were added and gently mixed into 
solution using a Gilson tip. A hand held electronic thermometer with a thermocouple 
input (Thermospeed, type K thermocouple from Delta Ohm, Thermospeed, England) 
was used to ensure that the room temperature remained at 24°C and the refrigerator 
remained at 4 °C. 
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2.14 A METHOD FOR SELECTIVELY 
KILLING CONIDIAL CELLS 
A grid was drawn on the underside of a detCS with an indelible marker pen. Comdia 
were float harvested on 50 tl of dH20 positioned over the grid. At 5 min post 
hydration, 2 j.tl of 0.5 mg.mf' of the dead-cell stain propidium iodide (P1) was added 
and gently mixed into the inoculum. 
Variable NB-cells M -cell 
objective x40 x40 
Excitation wavelength (nm) 488 488 
Laser power 100% 100% 
Scan speed 3 sec/frame 3 sec/frame 
Kalman filter 4 5 
Electronic zoom 60 60 
Pixel area 80x80 90x90 
Area (pm 2) 3.6 3.6 
Table 2.7: Imaging conditions used to selectively kill conidial cells. At higher electronic zooms, the 
laser irradiates a smaller area of the specimen with the same laser power. Note that the area of the 
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Figure 2.4: The different cell combinations targeted during experiments in which conidial cells 
were selectively killed. 
Between 15-50 min post hydration, cells were selectively irradiated by the confocal 
microscope laser (see Section 2.8) using the settings shown in Table 2.7. A diagram 
was made at 30 min after irradiation to record which cells were dead in each spore 
and where these individual spores were in relation to one another and the grid. After 
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over 21 h the percentage and pattern of germination and differentiation were recorded 
for these spores and the cells were also reassessed for viability using the confocal 
microscope. Dead cells were identified by their fluorescence resulting from staining 
by P1. 
All the possible comdial cell target combinations were attempted (Fig. 2.4) and 
where more than one cell was killed, a time interval of 5-10 min was allowed 
between killing cells in order to let the remaining live cells recover from the effects 
of the first laser irradiation. 
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GERMINATION 
3.1 INTRODUCTION 
There are many of factors known to influence the pre-penetration stage of infection in 
fungal pathogenic systems. Some are general, such as the availability of free water 
and a conducive temperature; others are more specific, such as the requirement for 
specific host topographies or components of host wax (Hoch et al., 1987; Hoch & 
Staples, 1991; Read et al., 1992b; Kolattukudy et al., 1995; Collins & Read, 1997; 
Read et al., 1997). The pre-penetration stage of infection in M grisea requires free 
water and temperatures between 15-30 °C, with an optimum of 25 °C (Sadasivan et 
al., 1963; Hashioka, 1965; Jelitto et al., 1994; Kim, 1994; Teng, 1994), and a number 
of factors have been identified as being important, including the surface 
hydrophobicity and hardness, and components of leaf waxes; all of which appear 
important for the induction of germ tube differentiation (Uchiyama et al., 1979; 
Uchiyama & Okuyama, 1990; Lee & Dean, 1993; Jelitto et al., 1994; Xiao et al., 
1 994a,b; Dean et al., 1996; Gilbert et al., 1996; Howard & Valent, 1996; Hegde & 
Kolattukudy, 1997). However, the full range of potential physical and chemical 
factors, and the possible interplay between them is currently poorly defined. Thus, in 
order to study the biology of germination in M grisea, ideally the experimental 
substratum should be the rice leaf. However, this is a waxy, highly pigmented 
substratum and so must usually be chemically cleared to allow light microscopic 
analysis; a process that kills both the plant and the fungus. This approach is therefore 
unsuitable for studying living cells, making it necessary to use an artificial 
substratum. 
In order that studies on M grisea comdia germinated on artificial substrata provided 
biologically meaningful results, it was considered important that the characteristics of 
the pre-penetration stage of infection on the chosen substratum resembled those on 
the rice leaf as closely as possible. The first aim of the work described in this chapter 
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was therefore to characterize the processes of germination and differentiation, and by 
comparing their main features to identify a suitable artificial substratum for 
subsequent in vitro analysis by microscopy. The second aim was to analyse and 
characterize germination in more detail on the rice leaf and the chosen artificial 
substratum, and to compare the morphology and kinetics of spore germination in 
vitro with those in vivo. 
In common with a number of other fungal pathogens, M grisea produces three-celled 
spores, which are capable of producing multiple germ tubes (Ingold, 1971; Agrios, 
1988). The third aim was to investigate the role and relative importance of each cell 
within the conidium for successful conidial germination. Communication between 
cells via intracellular signalling might be important in regulating germination from 
different cells and this was also examined. To address these questions, a technique 
was developed in which conidial cells were individually killed and the fate of the 
remaining live cells examined. 
3.2 RESULTS 
3.2.1 Timing of germination 
Conidia were easily harvested and germination occurred freely on a range of 
substrata in the absence of nutrients in both distilled or double-distilled 1120, 
approaching 100% within 3-4 h post hydration (95.8 ± 2.1%). A further slight 
increase in germination occurred after this time (rising to 98.2 ± 0.8%) and so 
maximum germination was assessed >21 h post hydration, at which time 
differentiation (i.e. the formation of an appressorium) also reached a maximum. 
Comdia from older cultures exhibited a greater time lag before germination 
commenced; at 2 h post hydration >90% and <10% of conidia germinated when 
flood-harvested from 10 day and 26 day old cultures, respectively. Furthermore, it 
was considered that young conidia are most likely to be those that cause infection in 
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vivo under natural conditions. Thus, 10-14 day old cultures were used for all 
subsequent experimentation. 
3.2.2 Selection of a suitable artificial substratum 
TeflonTM and glass CS (cover slip/s) cleaned in various ways were assessed as 
suitable artificial substrata for microscopic analysis of germination (see 
Section 2.5.2). The rice leaf was included in these studies to provide a comparison 
with in vivo results (Section 2.12.). 
3.2.2.1 The influence of artificial substrata on maximum germination and 
differentiation 
Mean maximum germination and differentiation were assessed by light microscopy 
on a range of artificial substrata and on the rice leaf (Sections 2.10). Table 3.1 
summarises the results. Germination is shown as the percentage of germinating 
spores, and differentiation is shown as the percentage of germinated spores that 
formed appressoria. The size of the spore population counted varied between samples 
and so weighted averages are given (Sokal & Rohlf, 1987). 
Germination Differentiation Total number 
Substratum mean % SD mean % SD spores samples 
rice 99.0 1.59 91.2 3.56 1068 11 
TeflonTM 97.4 1.54 98.0 2.09 1137 8 
untreated CS 97.5 2.08 92.7 4.21 5945 18 
detergent-washed CS 97.8 1.44 59.7 13.49 4204 20 
silanised Cs 98.3 1.13 26.9 34.75 1770 5 
NaOH-washed CS 98.1 1.12 15.8 5.84 2006 6 
chromic acid-washed CS 95.9 5.39 6.7 12.75 2161 5 
heat-treated CS 97.9 1 	1.27 0.1 0.32 1 	3691 10 
Table 3.1: Mean maximum germination and differentiation on a range of substrata assessed after 
21 h post hydration. Abbreviations: mean % (mean percentage), SD (standard deviation), CS (cover 
slip). 
Mean maximum germination appeared not to be influenced by substratum 
(Table 3.1), being over 97% on all but chromic-acid washed CS, which had a large 
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standard deviation. Mean maximum differentiation varied considerably both within 
and between substrata. The mean maximum differentiation on TeflonTM,  untreated CS 
and rice leaves were all high (>90%) and on detCS (detergent-washed CS) it was 
30% lower. The mean maximum differentiation on TeflonTM  was significantly 
higher than on rice leaves (Students two tailed t-test; p = 0.001, n = 8, 11) and 
untreated CS (Students two tailed t-test; p = 0.00 17, n = 8, 18). Differentiation was 
low on silanised glass, chromic acid- and NaOH-washed CS and approached zero on 
heat-treated CS. 
3.2.2.2 Other important attributes of the substrata 
Other important factors when selecting a suitable substratum include the 
morphological appearance of the spores and germlings, the optical characteristics of 
the substratum (as it was to be used for light microscopy), the ease of preparation, 
consistency of substratum surface properties, and hence reproducibility of the 
percentage germination and differentiation obtained. These are considered below for 
each substratum and summarised in Table 3.2. 
. The rice leaf is optically very poor and thus unsuitable for most analysis by light 
microscopy using transmitted light. Rice leaves can be cleared of pigmentation 
(Section 2.12.4) to improve their optical characteristics. However, this involves 
killing the leaf and the fungus, so the technique cannot be used for live cell 
analysis. 
TeflonTM is optically poor but easily prepared, with highly consistent surface 
properties and the maximum germination and differentiation data were found to 
be highly reproducible. Furthermore, the lengths of differentiated germ tubes were 
similar to those found on the rice leaf; this has been previously quantified by 
Jellito et al. (1994). 
. On closer inspection, untreated CS were found to be highly variable with respect 
to their hydrophobicity owing to an oily coating which appeared to originate 
during the manufacturing process. Since this oily substance was of unknown 
composition, and varied considerably between batches of CS, untreated CS were 
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ruled out as a substratum for further experimental use. Note that those used in the 
analysis shown in Table 3.1 were chosen from a hydrophobic batch. 
• Detergent washed CS were easily prepared and the surface was consistent with 
respect to hydrophobicity; they were observed to be less hydrophobic than the rice 
leaf but considerably more hydrophobic than heated CS. The lengths of 
differentiated germ tubes varied; sometimes being as short as those on the rice 
leaf, but often longer. 
Substratum 	 Observations 
rice leaf 	 optically poor 
Teflon TM 	 optically poor 
untreated CS 	 optically good; surface properties highly variable 
between batches due to oily coating of unknown 
composition. 
detergent-washed CS 	optically good; surface consistent with respect to 
hydrophobicity; differentiated germ tubes often 
longer than on rice leaf. 
silanised CS 	 optically poor due to variation in the refractive index; 
very long differentiated and undifferentiated germ 
tubes; patchy surface 
NaOH-washed CS 	 optically good; time consuming preparation. 
chromic acid-washed CS 	optically good; time consuming preparation. 
heat treated CS 	 optically good, hydrophilic.. 
Table 3.2: Summary of important attributes of the artificial substrata tested, which were important 
when selecting suitable substrata for subsequent in vitro experiments. For further details see text. 
Abbreviations: CS (cover slip). 
• CS silanised by treatment with Sigmacote, were highly hydrophobic and appeared 
to be more so than Teflon TM. Differentiation was low and highly variable. The CS 
-3 surface often appeared variable, with some regions that were highly inductive and 
other regions that were less inductive. Differentiated germ tubes were much longer 
than those observed on the rice leaf. The optical properties of silanised glass were 
poor because of variation in the refractive index resulting from inconsistencies in 
the thickness of silanised coating of the CS. It was decided that although 
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silanisation might be improved upon by refining the technique used, this 
substratum was unsuitable for the present studies as it resulted in the formation of 
abnormally long differentiated germ tubes. 
• Acid and alkali-washed CS were less hydrophobic than detCS. The process of acid 
and alkali-washing was time-consuming and involved the use of chemicals which 
required extensive washing in order to remove any residues. The large standard 
deviation for germination on acid-treated CS (Table 3.1) might be due to 
insufficient washing of one or more CS. However, the mean maximum 
germination did not differ significantly from that on the rice leaf (Students two 
tailed t-test, p = 0. 15, n = 11, 6). Although optically suitable, the mean maximum 
differentiation was low and thus both of these substrata were discounted. 
. Heat treated CS were optically suitable for microscopy. However, the surface was 
highly hydrophilic and non-inductive, and thus produced very long germ tubes. 
On the basis of the results shown in Tables 3.1 and 3.2, detCS were selected as the 
artificial substratum for further experimentation because of those substrata optically 
suitable for microscopy, detergent washed CS (detCS) were the most inductive for 
appressoria. Furthermore the surface properties of detCS were consistent, they were 
easily prepared and produced highly reproducible data. TeflonTM  and heat treated CS 
were also used for specific experiments requiring a highly inductive or noninductive 
substratum respectively. 
3.2.3 Time course of germination and differentiation 
After selecting detCS as the artificial substratum for in vitro experiments, a more 
detailed comparison was made of the pre-penetration stage of infection on detCS 
compared to the rice leaf. The time-course of germination and differentiation was 
assessed on both detCS and rice leaves (Section 2.12.2). The experiment was 
repeated and the results were both quantitatively and qualitatively similar. Data from 
the first experiment are shown in Figure 3.1. 
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Figure 3.1: Time course of germination and differentiation on detCS and rice leaves. For both 
substrata 2-4 replicates were counted at each time point (or 6-8 at 1380 min post hydration) and 
the mean is plotted. Error bars are standard deviations. 
There was no evidence that the rate and timing of germination on the detCS differed 
from those on the rice leaf; germination commenced after 20 min and mean 
maximum percentage germination did not differ significantly (Students two tailed t-
test, p = 0. 16, n = 14, 11). Mean maximum differentiation on the rice leaf was 
higher and occurred —50 min earlier than on detCS. Differentiated germ tubes were 
generally longer on the detCS than on the rice leaf; otherwise there were no other 
apparent morphological differences. 
Germination approached its maximum by 3 h post hydration, and on detCS 
differentiation commences at ---3 h (Fig. 3.1). On this basis it was decided that 0-4 h 
post hydration would be the time period in which subsequent analysis of germination 
would be performed. 
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3.2.4 General features of germination observed using light 
microscopy 
Conidia were imaged during germination using differential interference contrast 
(DIC) light microscopy (see Section 2.6). When float harvested on detCS, a large 
proportion of the spores initially attached to the substratum by A-cell spore tip 
mucilage (STM), and with time most of these spores settle into a more or less 
horizontal position. It was also found that when a detCS was inoculated with spore 
suspension and then completely immersed in water, a droplet reformed on the site of 
the conidial inoculum. This test was repeated using pure water instead of conidial 
inoculum, and it was found that the droplet did not reform, providing evidence that 




Figure 3.2: TNNO dillcteimaj interference contrast (A. B) and a bright held inlage (C) ofgermlings 
on detCS showing (A) apical, and (B) basal cell germination. (C) The middle cell rarely germinates 
(<1%), and in this example the germ tube has differentiated. Note that the spore in (C) appears 
unusual in that the middle cell is large and has convex septa. The image in (C) was collected using 
the transmitted light device on the confocal microscope. Imaged at 70 mm (A), 80 mm (B) and 7 h 
(C) post hydration . x40 objectives used. Bars = 5 gm. 
Each conidium is capable of germinating from all 3 cells, however <1% of the 
conidial population germinated from the M-cell (Fig. 3.2). Within the first 4 h post 
hydration conidia either produced 1 germ tube from the A- or B-cell, or 2 germ tubes 
sequentially. In the latter case, the germ tubes usually grew in roughly opposite 
directions (Fig. 3.3). 
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Figure 3.3: i)lftrentia1 interference contrast images of germlings on detCS at 24 h post hydration 
showing examples of germlings that have two germ tubes. Within the first 4 h post hydration 
conidia often produce 2 germ tubes, which usually grow in approximately opposite directions. x40 
dipping objective used. Note that all bars = 10 pm. and that the bar in (A) also applies to (B) and 
(C). 
Individual conidial cells are capable of producing >1 germ tube (Fig. 3.4). However 
on inductive substrata this only occurs in a very small percentage of the population 
during the first 24 h post hydration and has not been observed to occur during the 
first 6 h post hydration. If spores are incubated for >24 h, various other germination 









Figure 3.4: I)ift.iential interference contra1 iniics of germ lings on heat-treated CS after 24 h post 
hydration showing examples of conidial cell multipolarity (A—C) and germ tube branching (D). The 
most common multipolar germination pattern is where the conidium produces 2 germ tubes from 
either the apical (A) cell, or the basal cell (B). Less frequently, >2 germ tubes are produced from 
the apical or basal cell (C). Another common feature on non-inductive substrata is that germ tubes 
often grow to extended lengths and become branched (D). x40 dipping objective used. 
Bars 10 pm. 
3.2.5 Analysis of spore germination by low temperature scanning 
electron microscopy 
Conidia were analysed by low temperature scanning electron microscopy (LTSEM) 
at various stages during germination on both detCS and rice leaves (Section 2.9). 
Representative images are shown below. 
Problems were encountered when freezing conidia during LTSEM preparation. Prior 
to freezing, attempts were made to remove some of the free water in which the spores 
were suspended for inoculation. However, the spores were very sensitive to the 
absence of water, becoming desiccated and collapsing during partial freeze-drying 
(Fig. 3.5A cf. Q. The best preserved spores were those that were associated with 
some ice since these appeared fully turgid (e.g. Fig. 3.8B). Partially freeze-dried 
spores often had strands or a broken film associated with them, the shape of which 
could have been influenced by the presence of extracellular matrix materials derived 
from spores or from fungal cultures from which they were harvested 
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Figure 3.5: Scanning electron micrographs of (A) a collapsed germinated conidium on a rice leaf, 
(B) an ungerminated fully turgid conidium on a rice leaf displaying the characteristic reticulated 
surface pattern and stalk (A), and (C) the base of a conidium, showing the hollow stalk (A). 90 mm 
post hydration. Partially freeze-dried. Bars = 2 pm. 
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Figure 3.6: Scanning electron nucroraph ot a aernilina 	di a de cIopin appresorium on a 
detCS after ice deposits were removed by etching. Note that a broken film surrounds the spore. The 
spore is filly turgid and has a smoother surface than conidia that were more extensively freeze 
dried. 5 h post hydration. Partially freeze-dried. Bar = 2 gm. 
3.2.5.1 Morphology of the rice leaf 
The rice leaf surface is undulating and often folded with parallel longitudinal rows of 
stomata (Fig. 3.7A). It also bears trichomes and papillae and the entire surface is 
covered by wax platelets (Fig. 3.7A—C). With the exception of the region of the 
stomatal complex, leaf papillae are numerous and dense (Fig. 3.713), and so M grisea 
spores are primarily in contact with the leaf via these leaf projections (e.g. 
Fig. 3.10A). However, even on detCS the underside of the spore is not completely 
appressed to the surface because of its curved shape (e.g. Fig. 3.1013). 
3.2.5.2 Ungerminaled conidia 
It was found that droplets of spore suspension were sometimes retained on the leaf 
surface after freezing (Fig. 3.8A). Germlings were present on the surface of the 
droplet (Fig. 3.8 A,B). It is not clear whether the germlings were naturally present on 
the surface of the droplet in vivo or whether they represented germlings that had been 
dislodged from the rice leaf surface during preparation. However, the orientation of 
the spores in some regions of the droplet surface, in particular that of the germ tubes, 
was consistent with their having germinated in that position (Fig. 3.813). 
77 
CHARACTER!74TIOVOFSPOREGER11VT1O\ 
4t 	 4- 
• 	
-.  
Iry e.tl;."" -. 	
Il 
, ._-._ ..t_-.'•. AkA •. . .' 	
., 4. 	. • 	e ,- J' 
77 
ir I 
- • 	- 	•. 
,A t 





• dim - 	
'-..... 




• 	%• 	. 4il 
— ,y_ •-  
6 - 
Figure 3.7: Scanning electron micrographs of the rice leaf surface at increasing magnifications (A-
C). The stomatal complexes (s) form parallel longitudinal rows (-0)  and the leaf bears trichomes 
(t). The rice leaf is covered with papillae (p) (A-C), except for the regions occupied by the 
stomata] complexes (B). The leaf surface is covered by wax platelets (C). Partially freeze-dried. 
Bars = 50 im (A), 10 gm (B) and 2 gm (C). 
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Figure 3.8: Scanning electron rnicrographs of 	a droplet of frozen water containing germlings on 
the surface of a rice leaf, the dotted box surrounds the region of the droplet displayed in (B), in 
which germinated conidia are shown on the surface of the water droplet. Partially freeze-dried. 4 h 
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Figure 3.9: Scanning electron micrographs showing conidia attached via spore tip mucilage to, (A) 
a detCS. and (B) a rice leaf. Germ tubes typically arise in the region surrounding either (C) the tip 
of the apical cell, or (D) the stalk on B-cell. Germ tubes do not usually emerge from the underside 
of the conidium (D). Partially freeze-dried. 3 h (A, C, 1)) and 5 h (B) post hydration. Bars = 2tm. 
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Figure 3.10: Scanning electron micrographs of (A) a germinated conidium supported by the rice 
leaf papillae. Note that the germ tube has emerged above a papilla, (B—C) germinated conidia on 
detCS showing that the underside of the spore is not appressed to the substratum. Note the mucilage 
associated with the germ tube (B) and the approximately straight orientation of the germ tube on the 
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The conidial surface is characteristically reticulate (e.g. Fig 3.5). However, it was 
observed that those spores that appeared to be more turgid and thus more fully 
hydrated were smoother (e.g. Figs. 3.6, 3.813). In all spores, the positions of the septa 
between the three cells were clearly discernible. The stalk that bore the conidium on 
the conidiophore was hollow (Fig. 3.513,C). Spore tip mucilage associated with the 
A-cell often adhered the spore to the surface of both the rice leaf and detCS 
(Fig. 3.9A,B). Mucilage was also observed on occasions to be associated with the 
germ tube (e.g. Fig. 3. 1013). 
3.2.5.3 Germ tube emergence 
Germ tubes were usually formed within a region around the A- and B-cell apices, and 
at some distance from the septum; the A-cell frequently germinated from its tip 
region (e.g. Figs. 3.8B, 3.9C, 3.10A), and the B-cell from a region adjacent to, and 
surrounding the stalk (e.g. Fig. 3.913, 3. 1013). Germ tubes emerging from both the A-
and B-cells tended to emerge from the spore in regions closer to the substratum, 
rather than on the side of the spore opposite to the surface (e.g. Figs. 3.10, 3.11 A,B). 
However, the latter was occasionally observed (Fig. 3.11C). Germ tubes generally 
emerged in regions that were not in immediate contact with a surface (e.g. 
Figs. 3.1OA,B, 3.11 A). Although the germ tubes of B-cells were occasionally 
observed to have emerged from the underside of the spore (Fig. 3.9D), it was unclear 
whether this region of the conidium had been in contact with the substratum at the 
time of germ tube emergence; conidia could be in contact with the substratum solely 
by the A-cell during this stage of germination (see Section 3.2.4). 
3.2.5.4 Germ tube growth and differentiation 
Having emerged from a region of the spore that is not in immediate contact with the 
surface, the germ tube usually grew towards it. The germ tube could grow for a 
considerable distance before making contact with the surface (e.g. Figs. 3.9C, 3.1 OB, 
3.11 A). Thus, during the first part of germ tube extension, it was not usually in 
contact with the substratum. Germ tubes that emerged on the side of the spore 
furthest from substratum tended to grow upwards, away from the substratum 
(Fig. 3.11 C). Once the germ tube made contact with the surface, subsequent growth 
was maintained in contact with the substratum (e.g. Figs. 3.9C, 3.1OA,B). The gaps 
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between the rice papillae are commonly 1.5-7 pm and are thus easily accessible to 
We narrow germ tubes (Figs. 3.IOA. 3.1 1B). On detCS, the germ tubes tended to 
row in a straighter orientation than on the rice leaf because on the latter their path 
as obstructed by leaf papillae (Figs. 3.1OA, 3.11 B). Typically, differentiated germ 
tubes were shorter on the rice leaf than on detCS. On the rice leaf, appressoria were 
Observed to form between papillae and also near stomata] complexes. (Fig. 3.11D). 
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Figure 3.11: Scanning electron micrographs showing (A) a conidium that has germinated from the 
B-cell and the germ tube (A) has grown through the air towards the substratum, (B) two germlings 
both of which have germinated from the apical cell, note that the germ tubes are growing between 
the leaf papillae, (C) a conidium that has germinated from both the apical and basal cells, note that 
the basal cell germ tube (A) is unusual because it has emerged from the conidium on the side 
furthest from the substratum and then grown away from the substratum, and (D) a germlmg that has 
formed an appressorium (a) over a stomatal complex (s), note that the germ tube is very short. 
90 mm (A) and 5 h (B—D) post hydration. Partially freeze-dried. Bars = 5 gm 
3.2.6 Analysis of infection by fluorescence and light microscopy 
Three dyes (DIOC 6, Aniline blue, and Coomassie Brilliant Blue G) were assessed as 
potential stains of internal hyphae in cleared leaves (Section 2.12.4). In contrast to 
Aniline blue and Coomassie Brilliant Blue G, DIOC6 did not penetrate the rice leaf 
tissue sufficiently to stain the internal structures. Coomassie Brilliant Blue 0 was 
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uperior to Aniline blue for discriminating fungal hyphae from the leaf tissue. Rice 
caves were inoculated with float-harvested M grisea conidia and after 1, 2 and 
days (Fig. 3.12A) the leaf lesions were either stained with DIOC6 to observe fungal 
structures on the leaf surface, or cleared and stained with Coomassie Brilliant 
I I ue G. primarily to observe fungal structures within the leaves. Both types of treated 
leaves were examined by fluorescence microscopy. 
Figure 3.12: Photographs ol rice ca c- kilcocd b 	1. .,'risca. (A) A lesion formed 5 days alter 
inoculation with conidia. Note the brown necrotic edge around the lesion. (B) A leaf >14 days after 
inoculation covered in fungal hyphae bearing conidiophores. 
84 
3. CHARACTERJZ4 TION OF SPORE GERMINATiON 
-- 	 1 
-; 
Ik 
~ *I- - 
Figure 3.13: A lesion in a cleared rice leaf stained with Coomassie Brilliant Blue G at different 
magnifications. The lesion is surrounded by a brown edge (infected leaf tissue is blue due to the 
stained fungal material) and there is some staining beyond the edge of the lesion (A, B). 
Conidiophores and conidiophore initials (A) characteristically emerge from the stomata (s) (B, Q. 
Note that conidia are not present because they were dislodged during the process of clearing and 
staining of the leaf. Leaf cleared 5 days after inoculation. Bars = 200 gm (A) and 100 gm (B, Q. 
Coomassie Brilliant Blue G did not stain the leaf tissue, and only stained the fungal 
material. Fungal hyphae were therefore easily discriminated from the leaf tissue: the 
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more intensely stained areas contained denser fungal growth, making it possible to 
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Figure 3.14: Differentiated germlings on rice leaves I day post inoculation. Note that appressoria 
are formed near (al, a3, a4) or over (a2) the stomatal complex (s). Also note that the spore that 
produced appressorium (a4) is not within the field of view. Stained with DIOC 6 Imaged with a 




Figure 3.15: Examples of (A) a differentiated germling on the rice leaf, and (B) two appressoria (a) 
that are irregular in shape, note that this seemed to be determined by the surrounding leaf papillae 
on a rice leaf. Imaged I day post inoculation. Stained with Coomassie Brilliant Blue G-stained 
Bar = 5 pm. 
The lesion edge was defined by a brown necrotic line, within which there was strong 
staining due to intense fungal growth (Figs. 3.12A, 3.1 3A,B). The external features 
of 1-2 day old lesions were examined. The central area of the lesion was comprised 
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of germ tubes, appressoria and hyphae, and some germ tubes appeared to have 
developed into vegetative hyphae rather than forming appressoria. Germ tubes also 
formed appressoria between papillae in positions that required direct penetration 
- through the plant cuticle by the infection peg (Figs. 3.14, 3.15). Germ tubes were 
often observed to emerge on the side of the spore closest to a stoma (Fig. 3.14). 
There was evidence that germ tubes grew towards stomatal complexes and in some 
cases the germ tubes appeared to have directly penetrated the leaf via the stomatal 
aperture without forming an appressorium (data not shown). The appressoria on rice 
leaves were not characteristically smooth and round as observed on artificial 
substrata but were often irregular in shape (e.g. Fig. 3.2 cf. 3.15). This difference 
seemed to be determined by the surrounding leaf papillae. 
Internal hyphae were assessed in older (5 day) lesions. They were primarily within 
the area bounded by the brown necrotic line, with some hyphae and conidiophores 
present beyond this region (Fig. 3.13A). Although most conidia had been dislodged 
from the conidiophores during the process of clearing the leaf of pigmentation, and 
during staining, conidiophores and conidiophore initials were clearly visible and 
primarily arose from the leaf in rows that corresponded directly to the line of stomata 
(Figs. 3.13C, 3.16A,B). Generally 1-3 conidiophores emerged from one stoma 
(Figs. 3.13C, 3.16B). The internal hyphae were often densely stained around the 
stomatal complex, as compared to the surrounding leaf tissue, and in such cases there 
was often evidence that the hyphae had grown towards the stoma through the leaf 
tissue (Fig. 3.16C). In older infected leaves (>14 d), conidiophores appeared to be 
produced all over the lesion from the mass of external fungal hyphae (Fig. 3.12B). 
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Figure 3.16: A lesion in a cleared rice leaf stained ith Coomassie Brilliant Blue G at different 
magnifications. (A) and (B) show the same area of the same rice leaf, but at different focal planes. 
Note that the conidiophores/conidiophore initials emerge from the stoma, which form lines (-+). 
(C) Internal hyphae (A) are stained blue within the rice leaf showing that fungal growth is more 
dense around the stomatal complex (s) and that hyphae within the leaf tissue appear to have grown 
towards the stomatal complex. Leaf cleared 5 days after inoculation. Bars = 50 (A and B) and 
10 Jim (C). 
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3.2.7 Analysis of germ tube growth rate 
During DIC and SEM imaging it was noted that either one or two conidial cells 
germinate during the first 3-4 h post hydration, and that when two germ tubes were 
produced there was a time lag between their emergence. During the first 3 h post 
hydration, spores can therefore be classified into two groups, (a) type a: those that 
produce only one germ tube (Gr), and (b) type : those that produce two germ tubes 
sequentially (GT' and GT). Because this occurs during the period selected in 
which to analyse germination in more detail (See Section 3.2.3), the timing of germ 
tube emergence and the rates of germ tube extension were analysed during the first 
3 h post hydration (see Section 2.11). 
Although approximately one third of the conidial population are of type 0, the sample 
size for these spores is low because in order to minimise measurement errors spores 
had to be excluded from the analysis if it was not possible to measure both germ 
tubes accurately (e.g. if one germ tube grew at an extreme angle). Occasionally 
(<5%), newly emerged germ tubes were aborted, after which a second germ tube 
rapidly emerged from a different cell. As it was not possible to measure the growth 
rate of the GT', these germlings were not included in the analysis. 
Growth was characterized for all germ tubes (Gr, GT' and GT 2) by a period of 
linear increase during which the growth rate was at a maximum. The growth rate was 
measured during this period and an approximate time of germ tube emergence was 
estimated by extrapolation of the gradient through the x-axis. It should be noted that 
although not evident in the data, a slight time lag might be expected in the initial 
stage of germ tube emergence, and that this is not accounted for in the x-axis 
intersect calculation. The results are shown in Table 3.3. 
The mean growth rate of GTa  was greater than that of both GT' (Students two-tailed 
t-test, p = 0.005, n = 17, 9) and GT 2 (Students two-tailed t-test, p = 0.008, n = 17, 9). 
There was no evidence to suggest that GT and GT 2 grew at different rates (paired 
t-test, p = 0.61, n = 9), (Table 3.3). 
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Germ tube 	Growth rate 	Estimated emergence time 
category (pm.min 1 ) 	 (min post hydration) 	n 
GP 	0.40±0.04 	 78± 16 	 17 
GTDI 	0.33 ± 0.06 	 65 ± 14 	 9 
GTBZ 0.31±0.08 154±54 9 
Table 3.3: Mean germ tube growth rates and calculated times of germ tube emergence for conidia 
which either produce only one germ tube (G) or 2 germ tubes (GT 1 and GT 2) within the first 3 h 
post hydration. Abbrev. n (number of spores analysed). 
All the spores analysed germinated from either the apical or basal cells. The cells 
from which the GTa  and GT 1 germ tubes emerged were compared in order to assess 
whether the observed difference in growth rate was attributable to a difference in the 
pattern of germination. Approximately 1/3 of the spores produced germ tubes from 
the B-cell and no detectable difference was found between GP and GT' when the 
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Figure 3.17: Germ tube growth on detCS. Each graph shows data for a single conidium and each 
data series represents a single germ tube. (A) Germ tubes produced by spores that only produce one 
germ tube (type a) often grow with a constant rate of extension during the first 3 h post hydration. 
(B) Some spores produce two germ tubes (type 3) and the second germ tube (GT 2) commonly 
emerges either when the GT 1 growth rate begins to slow, or after it commences hook formation 
(and so extension slows). 
There was considerable variation in the time of emergence within all three germ tube 
categories, the most variable being GT 2 which emerged after a mean time of 
154± 54 min post hydration. The GT' category had a significantly earlier mean 
emergence time than that of the GP category (Students two-tailed t-test, n = 17, 9; 
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p = 0.04). The GT 2 category had a mean emergence time of 89 min later than the 
GTD 1 (Students two-tailed t-test, p = 0.0004, n =9) and 76 min later than the GTU 
category (Students two-tailed t-test, p = 0.0026, n = 9, 17). 
During the 3h observation period, the GTa  category, (1) began to differentiate 
(evidenced by swelling of the germ tube tip followed by hook formation) at 
25 ± 1.1 .tm (n = 5), (2) continued to grow at the same rate, reaching lengths of up to 
50 Jim after 3 h (varying depending on the exact time of germ tube emergence), 
(Fig. 3.17A), or (3) began to slow in growth rate. The GT 2 category were observed 
to emerge when the GT' was >10 .tm in length (21 ± 9.7 Pm, n = 6), and typically 
after the growth rate of GT' had slowed, or sometimes after GT' had begun to form 
an appressorium (Fig. 3.17B). 
3.2.8 A method for selectively killing conidial cells 
A technique to selectively kill conidial cells was developed utilising the confocal 
microscope laser (Section 2.14), and it proved possible to kill any single cell or a 
combination of cells within a conidium (Fig. 3.18). 
Initial attempts to kill cells by laser irradiation alone gave highly variable results; 
irradiated cells often germinated, being non-fluorescent when the dead-cell stain 
propidium iodide (P1) was added after 21 h post hydration. When the experiment was 
repeated in the presence of P1 from 5 min post hydration, irradiated cells were visibly 
dead, appearing granular and slightly pink when viewed by bright field light 
microscopy. These cells were never observed to germinate, even after 26 h post 
hydration, and those spores in which all 3 cells were killed in this manner never 
germinated. Thus, it was possible to use this physical change as a marker of cell 
death. This meant that that it was not necessary to irradiate the spore with the 
confocal laser again until the end of the experiment (>21 h post hydration), and that 
the remaining live cells were not directly exposed to the confocal laser until that 
time. 
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It was found that cells were killed most easily after long post hydration intervals and 
conidial cells were irradiated after at least 15 min post hydration. It was also found 
that the A- and B-cells were easier to kill than the M-cell. For all cells, it was 
important that the septum was not exposed to irradiation as this resulted in the death 
o l'the neighbouring cell. Live non-targeted cells exhibited a low level of fluorescence 
Mien incubated in the presence of P1. The morphological appearance of live cells 
(those that were not targeted) did not differ from no-dye control spores, with the 
exception that when the adjacent cell had been targeted the septum was often convex, 
and that this effect was most noticeable when the NI-cell was killed (Fig 3.1 8A). 
Figure 3.1$: Confocal images of conidia in 	hich either (A) sinole con ida) cells. or ( B) to 
conidial cells have been killed by the laser ablation method. The cells are stained with propidium 
iodide: the fluorescent cells are dead, and the nonfluorescent are alive. Note the convex shape of the 
septa when only the middle cell is killed (A). Images collected at 30-40 min after irradiation. 
x40 objective used. Bar = 5im. 
Cell death did not visibly occur immediately after irradiation. It was found that by 
increasing either the number of laser scans or the dye concentration, the target cell 
would die more rapidly. However, this also increased the likelihood that 
neighbouring (non-target) cells would die. Therefore, even with optimised dye and 
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A 	 % germinated per germination pattern 	 I 	number 	total no. 
I 	I inni 	T AR, 1 I M & R I A& R I 	ALL I germinated I snores I % germinated 
none 27 0 12 0 0 62 0 379 384 99 
A 0 100 0 10 10 100 
cells M 22 11 67 9 10 90 
killed B 100 0 0 14 15 93 
A+M 100 5 5 100 
M + B IOU 4 5 80 
A + B 0 0 7 0 
Uj B 	 % differentiated per differentiation pattern 
4_nnk, I 	1..nnk I R-nnit I A & \1 I M At R I A & B 
number 	total no. 
ALE. 	differentiated I germlin2s % differentiation 
none 69 0 31 0 0 I 0 353 379 93 
A 0 100 0 10 10 100 
cells M 50 25 25 8 9 89 
killed B 100 0 0 tO 14 71 
A+M 100 4 5 80 
M+B too I 4 25 
0  0 7 0 
Table 3.4: Percentage occurrence of (A) germination patterns and (B) differentiation patterns in spores subjected to cell-specific laser ablation. In (A) 
germination patterns for each laser ablation category ("cells killed") are given as percentages of the total number of spores in that category. In (B) the percentage 
differentiation values relates only to germinated spores. Note that it is possible for a spore to germinate from two cells, but to differentiate from only one: for 
example a spore may exhibit an "A-i-B" germination pattern and an "A-only" differentiation pattern. 
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laser conditions, cells sometimes did not die, took varying times to die, or non-
targeted cells died. This variation was controlled for by scoring conidia for live/dead 
cells status at >30 min after irradiation: only those spores in which only the targeted 
cell had died were included in the analysis. Similarly, if any additional cells had died 
after >21 h post hydration, those spores were not included in the analysis. The 
success rate (i.e. the percentage of spores in which only the targeted cells were dead 
at 21 h post hydration) was <33% depending on which, and how cells were targeted. 
In this manner it proved possible to define how many cells were alive during the 
production of germ tube(s) and subsequent differentiation. Live cells had often 
internalized P1 at a low level by this time but dead cells were easily distinguished by 
the intensity and general distribution of P1 fluorescence. 
Controls were performed either in the presence or absence of P1 and in all cases 
maximum germination was >99% and maximum differentiation was >90%. There 
was no evidence that the presence of the dye affected the patterns of germination 
(A:B-cell germination) or that the germ tube growth rate was affected 
(0.33 ± 0.6 J.Lm.min', n = 5). The control data was therefore pooled (Table 3.4A,B). 
3.2.8.1 Single cell targets 
It was possible to kill any individual conidial cell (Fig. 3.18A, also see Fig. 2.4 in 
Section 2.14). Compared with the control data, there was no evidence that the 
percentage germination of the conidial population was affected by selectively killing 
any individual conidial cell (Fig. 3.19A, Tables 3 .4A,B). Killing the B-cell resulted 
in 100% A-cell germination, and killing the A-cell resulted in 100% B-cell 
germination. The M-cell was not observed to germinate in this experiment and killing 
it did not appear to influence the ratio of A:B:A+B cell germination (Table 3.4A). 
The frequency of cell differentiation in germinated conidia spores is shown in 
Table 3.4B. It should be noted that the data given relate to the differentiation pattern 
only. For example a spore germinated from both A- and B-cells (A+B) might only 
differentiate from the A-cell and thus be shown in the 'A-only' column of Table 
3.4B. 
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The ratio of A:B:A+B differentiation in the control was 69:31:1 (Table 3.4B). When 
the A-cell was killed. 100% of germlings differentiated from the B-cell (Fig. 3.19A). 
When the B-cell was killed, 100% of the germlings differentiated from the A-cell 
(Fig. 3.19C). The largest change in the pattern of differentiation was observed when 
the M-cell was killed. The A+B pattern was 1 % in the control, and increased to 25 % 
(Fig. 3.19B). 
0' 0 
Figure 3.19: Confocal images of conidia after >21 h post hydration, in which either the (A) apical. 
(B) middle or (C) basal cell was killed between 15-30 min post hydration by laser ablation. Note 
that all conidia have formed appressoria. The cells are stained with propidium iodide; the brightly 
fluorescent cells are dead, and the nonfluorescent, and faintly fluorescent (e.g. appressoria) are 
alive. x40 objective used. Bars = 10 rim. 
3.2.8.2 Double cell targets 
Experiments were performed in which two cells within a single conidium were killed 
(see Fig. 3.18B, also see Fig 2.4 in Section 2.14). Killing two cells proved to be more 
difficult than killing a single cell, especially the A+B cell target. In such cases, all 
three conjdial cells were often dead when assessed at either 30 min after irradiation, 
or over 21 h post hydration. This meant that during the study it was only possible to 
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Figure 3.20: Contocal images 01 conidma after 	h post h drat on, in h ich either the muddle and 
basal (A), or the apical and middle (B) cell were killed between 15-30 min post hydration by a laser 
ablation. In each case the remaining live conidial cell has germinated and formed an appressorium. 
The cells are stained with propidium iodide; the brightly fluorescent cells are dead, and the 
nonfluorescent, and faintly fluorescent (e.g. appressoria) are alive. x40 objective used. Bar = 5 [Lm. 
There was no evidence that killing A+M or M+B cells attenuated the percentage 
germination of the spore population. However, killing A+B cells prevented 
germination, even though the M-cells looked healthy and were not stained by P1 
(Fig. 3.1813). It should be noted that there was no evidence that this treatment 
affected M-cell germination (Table 3.4A). It was possible for spores in which either 
the A+M or M+B cells were killed, to differentiate (Fig. 3.20), but there was some 
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evidence that A-cell germ tubes (M+B killed) were less able to differentiate than the 
B-cell (A+M killed) (Table 3.413). 
3.3 DISCUSSION 
3.3.1 The influence of artificial substrata on germination and 
differentiation 
The results described in this chapter indicate that germination in M grisea is not 
dependent on the properties of the substratum. Flavanoids are produced by plants as 
both defence and survival compounds and there is evidence that they inhibit 
germination in M grisea conidia (Padmavati et al., 1997). However, there was no 
difference between the rice leaf and detCS with respect to the mean maximum, 
timing and rate of germination. 
Hydrophobicity has been previously reported to influence differentiation in M grisea 
and in general the data presented here provide further support for this hypothesis 
(Uchiyama & Okuyama, 1990; Lee & Dean, 1993; Jelitto et al., 1994; Xiao, et al., 
1994b; Dean et al., 1996; Gilbert et al., 1996). Differentiation was high on the rice 
leaf and on TeflonTM,  both of which are highly hydrophobic; rice leaves are coated 
with a waxy cuticle (Fig. 3.7Q and have a contact angle of 1 700,  making their 
surface extremely hydrophobic, and TeflonhM  has a contact angle of 90-130 ° making 
it hydrophobic but less so than the rice leaf (Talbot, 1995). Differentiation on detCS, 
which were observed to be less hydrophobic than the rice leaf, was -1/3 of that on 
the rice leaf, and on heat-treated CS, which were the most hydrophilic substratum 
tested, differentiation was <1%. 
Silanised glass is highly hydrophobic (Kuo & Hoch, 1996) and in this study the 
silanised CS appeared to be more hydrophobic than TeflonTM.  It was found that 
silanised CS were poor at inducing differentiation, producing long germ tubes 
compared to those observed on TeflonhM  and the rice leaf (previously quantified; 
Jelitto et al., 1994). This raises a question about the absolute degree of 
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hydrophobicity required for differentiation; and whether an artificial surface can be 
too hydrophobic. It has been proposed that either hydrophobicity or cutin monomers 
alone are sufficient to induce differentiation in M grisea (Gilbert et al., 1996; 
DeZwaan et al., 1999). It is possible that the high rate of appressorium formation 
observed on the highly hydrophobic rice leaf is partly induced by components of the 
host surface, such as wax components (Kolattukudy, 1980). Alternatively, the fungus 
might be able to alter the physical properties of the rice leaf making it less 
hydrophobic. This could be via the production of extracellular enzymes, and although 
there is little evidence for the production of extracellular enzymes by M grisea, a 
gene encoding cutinase has been isolated (Sweigard et al., 1 992a,b). 
3.3.2 Detergent washed cover slips as a suitable artificial substratum 
for in vitro analysis of conidial germination 
Detergent-washed CS were chosen as the substratum most suitable for subsequent 
studies on germination. Both maximum germination and the timing of germination 
on detCS are comparable to those on the rice leaf. Furthermore, the detCS are 
optically suitable for microscopy, consistent with respect to surface properties, and 
easily prepared. Maximum differentiation was attenuated and delayed on detCS 
compared to the rice leaf. Whether features of germination differ in germ tubes that 
are able to differentiate as compared to those that are not is unknown, but detCS are 
inductive and this means that at least a proportion of the conidia are able to 
differentiate. 
Germling morphology was very similar on rice leaves and detCS. The main 
differences are that conidia and germ tubes associate more closely with the 
substratum on the detCS than on the rice leaf, and that on detCS germ tubes tend to 
be straighter; presumably because they do not have to navigate around the rice 
surface microtopography. Differentiated germ tubes were generally longer on detCS, 
which is consistent with previous findings (Jelitto et al., 1994) and the appressoria 
tended to be more regular in shape on the detCS. 
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3.3.3 Are conidia able to germinate in the absence of a substratum? 
Hanging drop experiments have demonstrated that M grisea conidia do not require 
contact with a surface in order to germinate (see Table 1.2 for references). The 
droplets of inocula preserved here by LTSEM contained germlings on their surfaces, 
which provides further support for these findings; although it is possible that surface 
tension at the air/water interface could serve as a substratum, permitting germination. 
Lee & Dean (1993) reported that either a surface or nutrients were required for 
germination, but later studies reported that a surface was not a prerequisite (Gilbert et 
al., 1996). The timing and rate of germination was not recorded by these authors. 
Weintraub et al. (195 8) reported that maximum germination was unaffected but that 
the rate of germination was faster when spores were germinated on 1% agar 
containing rice waxes or liquid collected from leaf guttation, compared to 1% agar 
alone. It is possible that the lack of a hard substratum delays germination and that the 
presence of host chemicals (e.g. hydrophobic components) overrides this inhibition. 
3.3.4 Do ungerminated conidia receive signals from the host? 
Some spores of fungal pathogens respond to signals on making contact with a 
surface; e.g. Uncinuliella australiana forms an adhesion pad at the spore substratum 
interface (Mims et al., 1995), and the reticulate network which ornaments the spores 
of Erisyphe graminis becomes globose and enzymes are produced (Kunoh et al., 
1988; Nicholson et al., 1988). The region of the spore from which the germ tube 
emerges might be determined by perception of the host surface by the ungerminated 
spore. For example, in the conidia of Botrytis squamosa the germ tube emerges 
closest to the anticlinal wall junctions on both host leaves and leaf replicas, and 
uredospore germ tubes have been reported to commonly emerge from germ pores in 
close proximity to the leaf or artificial surface (Clark & Lorbeer, 1976; Wynn & 
Staples, 1981; Read et al., 1992b). To date there is no evidence that the ungerminated 
conidia of M grisea receive signals from the host; germination does not require a 
solid surface (see Section 3.3.3), and STM is not produced by comdia in response to 
making contact with the host surface (Hamer etal., 1988; Howard, 1994). It has been 
proposed that mucilage produced by the comdia of Blumeria graminis serves to guide 
the germ tube to the substratum (Carver etal., 1999). The conidia of M grisea do not 
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produce germ tubes exclusively from the tip, so although STM might aid surface 
perception by a germ tube produced at the tip of the A-cell, this mechanism does not 
account for how other germ tubes locate the surface. 
Although M grisea conidia do not have germ pores, germ tubes do not emerge 
randomly. They were shown here to characteristically emerge from the region 
surrounding either the B-cell stalk or close to the A-cell tip, and therefore at some 
distance from the septum (Section 3.2.5.3). Furthermore, germ tubes generally 
emerged from the spore in a region that is not in direct contact with a solid surface, 
and rarely on the side of the conidium opposite to the substratum. This suggests that 
the conidiutn senses the presence of a surface, but how this is achieved is unknown, 
and the area of the spore in direct contact with the host can be small, as spores are 
most commonly supported by the leaf papillae. 
3.3.5 Do germ tubes exhibit directional growth? 
Although germination does not require a surface, the germ tube does sense the 
presence of a surface, as differentiation of the germ tube cannot occur in the absence 
of one (see Howard & Valent, 1996). Host signals such as surface hydrophobicity, 
leaf wax components and surface hardness are therefore important for the induction 
of germ tube differentiation but there is no evidence from the published 1iterature /th 
germ tubes of M grisea exhibit directional growth (Howard & Valent, 1996). 
In this study it was observed that having emerged from the conidium, the germ tube 
grew towards the substratum, during which period it was not in contact with the host 
surface, and thus unable to sense physical surface cues. The ability of a germ tube to 
locate the surface is important because the spore cannot infect the host without 
making contact. The mechanism by which the germ tube locates the host surface is 
unclear. It is unlikely to be gravitational as infection can occur on either side of the 
rice leaf, and furthermore, on occasions when a germ tube is produced on the conidial 
side furthest from the substratum, it is often observed to grow upwards into the 
solution. The germ tube appears to sense that it is in contact with the substratum 
because once it is, it generally remains closely associated with it. This is most 
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pronounced on the flat surface provided by the detCS (e.g. Fig. 3.10A). The 
characteristically flattened underside of germ tubes and the "nose-down" appearance 
of the germ tube tip with vesicles localised close to the substratum have been 
attributed to aiding surface signal perception (Bourett & Howard, 1990). The 
production of GTM and hydrophobins have been implicated in playing a role in 
enabling the germ tube to closely associate with the host surface (Xiao et al., 1994a; 
Talbot et al., 1996; Wessels, 1996, 1997) 
The appressoria of M grisea are able to penetrate the cuticle and cell wall of a rice 
leaf by mechanical force alone (Howard et al., 1991a; Money & Howard, 1996). In 
the present in vivo study it was observed that penetration could occur directly (i.e. 
physically penetrating the surface into underlying epidermal cells). Thus it seems that 
the fungus can penetrate anywhere on the host surface equally well, and yet the 
lengths of differentiated germ tubes observed both here and previously (Jelitto et al., 
1994) were found to vary considerably. This might imply that inductive signals are 
not evenly distributed over the host surface. The question of whether germ tubes 
exhibit directional growth towards such signals remains unanswered for M grisea. 
An interesting point in relation to the sensing of the surface signals by the germ tubes 
of M grisea is that contact between the germ tube and rice leaf surface was often 
observed in this study to be intermittent due to the presence of wax platelets and 
papillae (Fig. 3.1 OA). 
Members of the rust fungi are able to locate stomata and differentiate over them, and 
this is primarily achieved by sensing the topography of the leaf, and can also involve 
chemical signals (Read et al., 1992b, 1997; Collins & Read, 1997). Some evidence 
was obtained that germ tubes often exhibited preferential growth towards stomatal 
complexes (Section 3.2.6). Indeed, the shortest differentiated germ tube observed by 
SEM analysis was that of a conidium which had attached to the leaf next to a 
stomatal complex, and produced an appressorium from a barely perceptible germ 
tube that had emerged on the side closest to the stomatal complex (see Fig 3.11 D). 
These findings suggest that the germ tube receives some sort of signal from the 
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stomata! complex. Papillae density could serve as a topographical signal as these 
structures are absent in the region of the stomata! complex. Alternatively, chemical 
signals could be produced at the stomatal complex. M grisea produces cutinase 
during infection (Sweigard et al., 1 992a,b), and the addition of cutin monomers has 
been found to induce differentiation (Gilbert et al., 1996; DeZwaan et al., 1999). 
There is evidence that cutin is exposed on the stomatal lip of broad bean and cowpea 
leaves (Collins, 1996) and if this were the case on the rice leaf the production of 
cutinase by M grisea could release signalling molecules from the stoma. The finding 
that conidiophores primarily emerged from stomatal apertures, and that infection 
hyphae were often seen to grow in a direct path to the stoma also suggests that 
M grisea exhibits directional growth (Section 3.2.6). It is possible that a chemical 
recognition system might be conserved between the different stages of infection. 
If the response to cutin monomers, the production of cutinase and the apparent 
directional growth of the germ tubes observed here are related to the sensing of a 
stomatal complex by a germ tube, it would not have to represent an exclusive mode 
of entry into the host. Indeed, mutants unable to produce cutinase are not impaired in 
their ability to infect the host (Sweigard et al., 1992b). Penetration directly through 
the stomatal aperture would be advantageous to the fungus because less energy 
would be required to infect the host, however, penetration in the region of a stomata! 
complex (but not directly through the aperture) could also be advantageous to the 
pathogen because the underlying host tissues are different in this region of the leaf 
and this could aid the subsequent stages of infection. 
3.3.6 The requirement for free water for conidial germination 
The conidia of M grisea will not germinate in the absence of water and were here 
observed to collapse when free water was removed. Water is required to develop the 
extraordinary hydrostatic pressure required to penetrate the cuticle (Howard et al., 
1991a), and lesion number has been demonstrated to increase exponentially with 
increasing duration of free water on the leaf (Moss & Trevathan, 1987). When a 
droplet of pure water hits a hydrophobic surface it flattens until it reaches its 
maximum radius, and then retracts rapidly enough to be ejected from the surface 
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(Klein, 2000). To counteract this effect on the highly hydrophobic rice leaf surface, 
the conidia of M grisea appear to be able to retain water around themselves. 
Hydrophobins are likely candidates for such a mechanism, as they are able to make 
hydrophobic surfaces wettable (Wessels, 1997). Many fungi secrete them and spores 
of several species are covered by a hydrophobin-encoded rodlet layer, which has been 
suggested to play a role in adhesion to the host (Wessels, 1996). In M grisea the 
MPG1 gene has been shown to encode a hydrophobin that is responsible for the 
hydrophobic rodlet layer on the conidium surface (Talbot et al., 1996). The rodlets of 
M grisea are small (5-7 nm in length) compared to, for example, Neurospora 
crassa (-4 1-13 nm in length), and in general individual rodlets are believed to be too 
small to contribute individually to hydrophobicity (Wessels, 1997; Kershaw & 
Talbot, 1998). The role of the patterning in M grisea is therefore unclear. The spores 
of Uromyces viciae-fabae are also hydrophobic, a property that might be due to 
surface lipids, hydrophobic proteins such as hydrophobins, or conformation of the 
spore surface (Clement et al., 1993). Clement et al., (1994) showed that these 
uredospores are able to retain water around themselves when incubated at 100% 
relative humidity, and that this occurs prior to the production of ECM. Thus, in 
addition to the potential roles in adhesion to the surface and perception of inductive 
surfaces, hydrophobins and perhaps the rodlet patterns they form on the spore 
surface, might serve to retain free water around the spore on the highly hydrophobic 
leaf surface. 
It has recently been shown that by the addition of low concentrations of polymers to 
water, it is possible to prevent droplets from bouncing off hydrophobic surfaces by 
increasing their elongational elasticity (Bergeron et al., 2000). An alternative 
mechanism by which a droplet might be retained on a hydrophobic surface is by the 
adherence of polymers to a solid surface, which produces a surface effect through 
adsorption (Klein, 2000). The conidia of M grisea stick to surfaces very rapidly by 
STM, and this could have a similar effect. Furthermore, STM could contain polymers 
in a high enough concentration to act to increase the elongational elasticity of the 
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water in which the conidia are dispersed. Interestingly, spores of Pyrenopeziza 
brassicae have been reported to alter the surface tension of water (Rawlinson, 1979). 
Mucilage produced by spores has been assigned the role of adhesion by sticking to 
the surface physically; it is possible that mucilage serves an additional role involving 
the retention of water around the spore. The chemical composition of the STM of 
M grisea has not been published and so this suggestion can only be speculative 
(Hamer eta[, 1988). 
3.3.7 Germ tube growth rates before differentiation 
Evidence was obtained here for two modes of germination, the conidium either 
produces one fast growing germ tube or two slightly slower growing germ tubes, 
produced sequentially (see Section 3.2.7). These differences in growth rate were 
detectable from the outset, suggesting that the mode of germination could be 
determined before the emergence of the germ tube. 
The slower growth rate might be attributable to the limitation on internal conidial 
nutrient reserves, such that two faster growing germ tubes cannot be supported. 
Alternatively, spores that initially produce fast growing germ tubes are perhaps 
unable to support a further germ tube. The suggestion that internal conidial nutrient 
reserves could limit the number, and possibly growth rate, of germ tubes is supported 
by the finding that multiple germ tubes are produced in response to the addition of 
nutrients to the external medium (Howard, 1994). 
In vitro conditions remain favourable for germination and differentiation throughout 
the pre-penetration stage of the infection cycle. In the natural situation there could be 
a limited time in which to infect the host, dictated by heat and relative humidity (e.g. 
spores produced during the night time peak will have a certain number of hours 
before the sun rises and begins to dry the rice leaves). There are advantages to both 
modes of germination; a single rapid growing germ tube has the advantage that it can 
cover large areas of the leaf surface in search of inductive conditions whilst 
conditions are favourable, whereas a spore which produces two germ tubes at 
different times, that usually grow in opposite directions (see Fig. 3.3), also optimises 
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its chance of finding inductive conditions, and by being staggered in time this 
includes finding optimal environmental conditions. Whether these two modes of 
germination reflect two true subpopulations with different genotypes, or the degree of 
phenotypic plasticity within a single conidial population, cannot be determined on the 
basis of the data reported here. 
3.3.8 The requirement of three conidial cells for infection 
Laser ablation is a technique in which pulsed ultra-violet irradiation is used to ablate 
the cell wall and expose the plasma membrane, without the application of 
degradative enzymes. It has thus been used in conjunction with patch clamping 
techniques in the study of ion channels in both plants and fungi (e.g. Henricksen et 
al., 1995; Taylor & Brownlee, 1992; Taylor etal., 1996; Roberts etal., 1997). In this 
study a technique was developed that utilized laser ablation to selectively kill an 
entire conidial cell (Section 3.2.8). 
An argon laser was used to ablate an entire conidial cell, and propidium iodide (P1) 
served both as a marker of cell death, and also served to reduce the extent of laser 
irradiation required to kill a cell. Propidium iodide is a dead-cell dye which stains 
nucleic acids and is likely to produce highly destructive free-radicals on irradiation. It 
is only internalized by damaged or dead cells in which the plasma membrane 
integrity is compromised (Oparka & Read, 1994). The most likely mechanism by 
which targeted cells died, is one in which laser irradiation stresses the cells 
sufficiently to allow the dye to enter and kill the cell. The finding that, with the 
settings used, laser irradiation alone was insufficient to kill a conidial cell suggests 
that conidia are very resistant during the ungerminated stage of the infection cycle. 
Comdia are melanised (Chumley & Valent, 1990), a property that might aid their 
survival under strong UV conditions in the field, and this could explain why they are 
resistant to electromagnetic radiation. 
Targeting the M-cell had no effect on the ratio of A:B:A+B germinated conidia, 
suggesting that germination by one cell can occur independently of the other cells 
within the conidium. However, the finding that targeting the A- or B-cell resulted in 
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100% germination in the B- or A-cell respectively, suggests that communication 
exists between the conidial cells. The effect on differentiation of killing the M-cell is 
pronounced: the proportion of spores that differentiate from both the A- and B-cell 
increases from 1% to 25% (though the sample size was small for the latter). In other 
words, by removing the M-cell, communication between the two cells is broken 
down and apical-cell dominance partially overridden. As an appressorium is able to 
penetrate anywhere on the surface of the rice leaf (Howard et al., 1991 a; Money & 
Howard, 1996), only one is necessary for infection and by preventing other germ 
tubes from differentiating, the spores resources can then be used to support that 
appressorium. 
Killing two cells was technically more difficult and this meant that the sample size 
was small. The difference between killing the M-cell only and the A+M or, M+B 
cells is not clear. However, targeting the A+B cells rendered an interesting result; 
even when it is the only remaining living cell, the M-cell did not germinate. In light 
microscope studies the M-cell was observed to germinate in <1% of the conidial 
population and thus a large sample would be required to ascertain whether killing the 
A+B cells has any effect on M-cell germination. However, the finding that the M-cell 
is not stimulated to germinate when isolated suggests that this cell has a different role 
to the other two conidial cells. 
The finding that the A-cell and B-cells are each able to germinate and differentiate in 
isolation begs the question of why the fungus expends the energy required to produce 
a three-celled conidium if one cell is sufficient. It is possible that the production of 
STM is a highly energy-requiring process, making it more efficient to produce 
multicellular spores. It was observed in this study that germ tubes tend to grow in 
opposite directions and this provides a self-spacing mechanism; the germ tubes will 
grow over different regions of the host, increasing the likelihood that one will find 
inductive conditions and infect the host. However, the formation of an appressorium 
does not guarantee successful infection of the host. The appressorium must also be 
capable of generating sufficient turgor pressure to force an infection peg into the 
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underlying host tissues. Although the appressoria in this experiment were 
morphologically indistinguishable from those of untreated conidia, it is possible that 
they were not fully pathogenic. During germination and germ tube growth there is 
rapid synthesis of glycerol, an osmolyte required for the generation of appressorial 
turgor (de Jong et al., 1997). Thus, a possible role of the M-cell is as a pool and 
generator of reserves required for differentiation, such as glycerol. 
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4. CONFOCAL MICROSCOPY OF 
ORGANELLE ORGANIZATION AND 
DYNAMICS DURING GERMINATION 
4.1 INTRODUCTION 
Our current understanding of fungal spore organelle morphology is heavily reliant on 
TEM studies, in which the cells are not alive (see Section 1.4). Little is known about 
the dynamic organization and morphology of organelles during germination. 
Furthermore, interpretation of TEM data is hampered by a lack of knowledge of the 
dynamic nature of the organelle in question. The best way to obtain an insight into 
the behaviour and morphology of organelles during germination is to analyse living 
cells and record the changes that occur within an individual cell. The overall 
objective of the research described in this chapter was to characterize the dynamic 
organization and morphology of organelles during germination in living cells. 
The technique of confocal microscopy provides a suitable approach for live cell 
studies. It has a number of advantages, including (Czymmek etal., 1994): 
• images are free from out-of-focus blur and thus have a high spatial resolution, 
• it is possible to obtain time-courses of living cells loaded with vital fluorescent 
dyes, 
optical sections can be collected through different planes of the sample and then 
reconstructed into a 3-dimensional projection of the image. 
There is a wide range of single- and dual-wavelength fluorescent dyes available for 
use with the confocal microscope. In general, dye selectivity has been characterized 
within animal, plant and (in some cases) yeast cells (Haugland, 1999). Many are 
reported to be vital dyes (i.e. able to stain living cells without killing them). 
However, very little is known about the way in which these dyes behave within cells 
of filamentous fungi, and in particular within fungal spores. The first aim of this 
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study was to select the most suitable dyes for subsequent analysis of organelle 
organization and dynamics during germination. 
Organelle morphology and dynamics might be altered in a stressed or dying cell. To 
ensure that cells are living and minimally perturbed during analysis by confocal 
microscopy, a number of factors must be examined including the influence of the 
dyes used to stain organelles (cytotoxicity), of exposure to the confocal laser 
(phototoxicity) and any possible effects caused by interactions between these two 
factors. The second aim of this study was to optimise dye concentrations and 
confocal imaging conditions, to minimise any stress caused to living conidial cells 
and germlings during the collection of organellar data. 
Finally, in order that the results obtained in vitro are transferable to the in vivo 
situation, the conidia must be pathogenic. This requires that, in addition to 
germinating and differentiating, the comdium must ultimately be able to penetrate 
and infect the host. The third aim of this study was to assess whether pathogenicity 
is compromised in dye-loaded conidia. 
4.2 RESULTS 
4.2.1 Analysis of organelle organization and dynamics during 
germination using differential interference contrast light 
microscopy 
The technique of differential interference contrast (DIC) light microscopy was used 
to image organelles within unstained conidia and germlings, and in particular to 
follow time-courses of germination of individual conidia. The best results were 
obtained using x40 and x63 dipping objectives (Table 2.1). 
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Figure 4.1: Differential interference contrast images of an individual conidium throughout 
germination. The numbers are mm (A—F) and hours (C) post hydration. The spore germinates from 
the apical cell and that spore tip mucilage (STM) is clearly visible and remains intact throughout 
germination. The nucleus (n) is only visible in the apical cell. Note that by 14 h (C) post hydration 
the cells are vacuolated (v). Imaged using a x40 dipping objective. Bar = 5 gm. 
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Figure 4.2: Differential interference contrast images of an individual conidium throughout 
germination. The numbers are min post hydration. Note that the spore initially germinates from the 
basal cell. Also note that the conidial cells become progressively more vacuolated. At 14 mm (A), a 
round vacuole (v) is visible in the middle cell that after 125 mm (E), appears to fuse with another to 
form a larger vacuole. By 280 mm (C), a large vacuole is present in the middle cell. Also note the 
tubular structure (A) in the middle cell at 80 mm. Imaged using a x40 dipping objective. 
Bar5 gm. 











Figure 4.3: Differential interference contrast images of an individual conidium throughout 
germination. The numbers are mm (A—D) and hours (E) post hydration. The spore initially 
germinates from the basal and then apical cell. The cellular contents become less uniform as 
germination proceeds; the putative storage components become less obvious and the cells become 
increasingly vacuolated. At 14 h (E), the cells are highly vacuolated and a vacuole is visible within 
the germ tube (v) of the basal cell. (A—C) The nucleus (n) in the basal cell moves towards the centre 
of the cell. Note the small round structures, particularly around the cell periphery, which could be 
mitochondria (m?). Imaged using a x40 dipping objective. Bar = 5 .Lm. 
Conidia were float-harvested and after 2 min post hydration washed with sterile dI-1 20 
(see Section 2.7.2). The x40 objective was most useful because of its greater depth of 
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field, which was an advantage because the conidia were not physically disturbed by 
fine focusing. Using this method it was possible to collect a total of nine time-
courses of individual conidia throughout germination. Three representative time-
courses are presented in Figs. 4.1, 4.2 and 4.3. 
Figure 4.4: Differential interference contrast image of a germling, showing the mucilage associated 
with the germ tube (GTM). Collected at 2h 10 min post hydration. Imaged using a x40 dipping 
objective. Bar = 5 rim. 
The conidia were attached to the substratum by STM which was clearly visible 
(Fig. 4.1) and mucilage associated with the germ tube was also apparent (Fig. 4.4). In 
ungerminated spores, there was initially little movement of subcellular contents. 
However, they became progressively more dynamic as germination proceeded. 
Images were collected with exposure times as short as 10 ms, and even with these 
short times, during the stages of germination that involved germ tube extension 
(GT 1 —GT3) the images were blurred in some regions, due to the movement of 
subcellular contents. Spores initially were imaged every 5 mm, but this time interval 
was increased to 15-25 min because there were indications that the conidia were 
being stressed by the intense illumination required for DIC microscopy; as 
manifested by the non-linear rate of germ tube extension and by abnormalities in 
their in physical appearance. 
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Figure 4.5: Differential interference contrast images of a conidium during germination. (A) At 
1 5 min post hydration all 3 cells contain a uniform region of putative storage components and a 
tubular structure runs through the middle cell. (B) By 58 min post hydration there appear to be 
some small vacuoles (v) present, especially within the apical cell in which a vacuolar compartment 
is visible in the tip of the cell. Note that the basal cell has germinated. (C) This shows the upper 
focal plane of (B) in which there is evidence of elongated structures that could be mitochondria (m). 
The nuclei (n) are visible within the apical and basal cells (A) and the middle cell (C). Imaged 
using a x40 dipping objective. Bar = 5 pm. 
A number of the major organelles were putatively identified and their changes in 
position and morphology were observed during germination. The cellular contents 
underwent considerable change during germination. Initially ungerminated cells 
characteristically contained a large uniform region that often had other small cellular 
components embedded within it. The composition of this uniform region was 
unclear, although its uniform and static nature suggested some sort of cytoplasmic 
storage component (e.g. Figs. 4.2A, 4.3A, 4.5A,B). 
114 
4. ORGANELLE ORGANIZ4TION AND DYNAMICS 
MOP qR 
Figure 4.6: Differential interference contrast images of a germling after 4 h 40 min post hydration 
showing (A) that putative mitochondria (m?) are visible in the upper focal plane, and that (B) 
vacuoles (v) are clearly visible; in the apical cell two vacuolar compartments appear to be 
interconnected by a tubular structure (A), and the large vacuole in the middle cell appears to be 
divided by membranes into a number of subcompartments. Please note that this is the same 
conidium presented in Fig. 4.2. x40 dipping objective. Bar = 5 pm. 
The structures embedded within the putative storage components were tentatively 
identified as components of the vacuolar system. The vacuolar system appeared to 
become progressively larger as germination proceeded (Figs. 4.1-4.3). With this 
increase in size, the vacuole became more easily identifiable. There was evidence 
that small vacuoles fused to form larger vacuoles, although this could also be 
interpreted as a larger vacuole that moved into and out of the focal plane (Fig. 4.2C—
E) and tubular vacuoles appeared to interconnect vacuolar compartments (e.g. 
Fig. 4.613). As the germ tube extended (10-20 pm), large vacuoles in the M- and B-
cells were present and often appeared to be composed of several subunits (e.g. 
Figs. 4.613, 4.713). The vacuolar system ultimately appeared to occupy most of the 
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cell, usually by the time that the germ tube had either differentiated or grown very 
long (e.g. Figs. 4.1 G, 4.3E, 4.7). The conidial cytoplasm contained numerous 
vesicular structures that were highly dynamic and appeared to flow towards, and up, 
the growing germ tube. Tubular vacuoles were also observed within the germ tube 
(Fig. 4.3E). 
Figure 4.7: Differential interference contrast images of a germling showing two different focal 
planes of the conidium. The images was collected at 3 h 50 min post hydration and the spore had 
long (>20 gm) germ tubes from both apical and basal cells. Each cell is highly vacuolated and the 
middle cell vacuole appears to be composed of several subcompartments. Imaged using a x40 
dipping objective. Bar = 5 [Lm. 
The nuclei of ungerrninated cells were clearly identifiable and usually appeared to be 
appressed to the plasma membrane in the M- and B-cells; the B-cell nucleus was 
usually visible near the stalk (Figs. 4.3, 4.8). The nucleus in the A-cell was usually in 
the centre of the cell (Figs. 4.1, 4.2A, 4.8). Due to the thickness of the M-cell, the 
nucleus was often absent from the focal plane (Fig. 4.5). 
Nuclei were not very dynamic but were observed to slowly change their position 
during germination. In the M- and B-cells the nuclei often moved away from the 
plasma membrane during the period surrounding the emergence of a germ tube. The 
nucleus in the A-cell appeared to remain more or less centrally positioned but in 
germlings with very long germ tubes (i.e. greater than the length of the conidium) the 
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nuclei were sometimes absent from the germinated cell. Furthermore, in 
differentiated germlings and those with very long germ tubes (>24 h post hydration), 
the conidial cells commonly appeared to be emptied of their contents (see 
Figs. 3.3, 3.4 in Section 3.2.4). 
Figure 4.8: Differential interference contrast images of an ungerminated conidium, the numbers are 
min post hydration. Note that nuclei (n) are visible in each cell and that the basal cell nucleus moves 
towards the septum. Imaged using a x40 dipping objective. Bar = 5 gm. 
Figure 4.9: Differential interference contrast image of a germinated conidium, collected at 60 min 
post hydration. Note that the image shows an upper focal plane and there are characteristically 
numerous small structures in this upper region of the conidial cells that might be mitochondria. 
Bar = 5 jim. 
Structures identified as putative mitochondria were observed in the upper focal plane 
of the conidia, and thus near to the plasma membrane. They appeared to be small and 
narrow, and on occasions possibly elongated (Figs. 4.31J, 4.5C, 4.6A, 4.9). 
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4.2.2 Stages of conidial germination 
On the basis of the appearance of conidial cells during germination as studied by DIC 
light microscopy, it was apparent that gennlings could be categorised into 5 stages of 
germination. As germination is asynchronous, occurring over a period of 3 h (see 
Fig. 3.1 in Section 3.2.3) and in order that direct comparisons might be made when 
examining organelle types, morphological stages were defined as follows. 
. UNG (ungerminated): this is defined as the stage from hydration to the emergence 
of a germ tube (e.g. Fig. 4.1A). 
• EGT (emerging germ tube): this is defined as the stage at which the germ tube is 
as long as it is wide, and marks the time at which polarised growth has 
commenced (e.g. Fig. 4.1B). 
• GT1 (germ tube 1): this represents the first -20 min of germ tube growth, and is 
defined as the period of growth during which the germ tube is longer than EGT 
stage but shorter than the cell from which it emerged (6-7 pin), (e.g. Fig. 4.1C). 
• GT2 (germ tube 2): this represents the subsequent 45 min of germ tube 
extension, and is defined as the period of growth during which the germ tube is 
longer than that in the GT 1 stage but is shorter than the length of the spore 
(--20 pm). This was chosen because it was found previously that differentiation 
occurred at mean germ tube lengths of 21-25 pm (Section 3.2.9) and because 
Jelitto et al. (1994) showed that on a range of substrata most differentiated germ 
tubes were of 1-20 j.tm in length and that on rice this represented >50% of the 
germling population (e.g. Fig. 4.1E). 
• GT3 (germ tube 3): this represents the period of growth when the germ tube is 
longer than that in the GT2 stage and can include differentiated germ tubes. (e.g. 
Figs. 4.117, 4.3E). 
4.2.3 Selection of vital organelle stains for confocal analysis of 
germination in live conidia 
In order to image the organization and dynamics of conidial organelles during 
germination a range of organellar dyes were screened as suitable stains (see Fig. 2.2, 
Table 2.2, in Section 2.7). Dyes were initially evaluated on the following criteria: 
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• appropriate excitation and emission spectra in order that they could be imaged on 
the CLSM used in this study, 
• organelle selectivity, 
• rapidity of dye internalization by the conidial cells, 
• influence on conidiallgermling appearance in the presence of the dye at 
concentrations required for imaging. 
With the exception of SYTO 11 (see Section 4.2.3.1), none of the dyes listed in 
Table 2.2 affected the physical appearance of conidia or germlings at the 
concentrations given. However, at higher concentrations (>10 jtM) cells became 
granulated in appearance and germ tube growth slowed and ceased, and in some 
cases dyes flooded cells, indicating that they were dead. 
4.2.3.1 Assessment of nuclear dyes 
A range of dyes reported to be live nuclear stains (SYTO 11-16, Acridine Orange 
and DAPI) were assessed as suitable vital stains to image nuclear distribution and 
dynamics during germination. The most specific nuclear staining and best 
internalization into conidial cells was achieved with the SYTO dyes. The SYTO dyes 
stain DNA:RNA to different extents. Of those tested SYTO 11 and 15 were found to 
be the most selective for the nuclei, and SYTO 13, 14 and 16 stained both the nuclei 
and mitochondria. 
The dye SYTO 12 occasionally faintly stained nuclei. However, it consistently 
stained bright cytoplasmic spots of -0.6-1.0 gm in diameter. There were usually one 
but sometimes two or three within each conidial cell, commonly separated by -1 .5- 
2.0 gm. The position of the spots in the cells indicated that they were often 
associated with the nucleus (Fig. 4.10 cf. Fig. 4.8). 
All the SYTO dyes were cytotoxic, and after -P20 min in the dye the conidial cells 
began to appear granular. There was a general problem staining the nucleus within 
the M-cell and this was especially difficult in ungerminated spores. Of those SYTO 
- 
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dyes that stained the nuclei, SYTO 11 was the best internalized dye and so was 
chosen for subsequent analysis (e.g. Fig. 4.20 in Section 4.2.5.2). 
Figure 4.10: Confocal images of two ungerminated conidia showing the bright spots 
characteristically stained by the nucleic acid stain SYTO 12. Imaged using a x40 dry objective. 
Bar = 5 
4.2.3.2 Assessment of mitochondrial dyes 
A range of potential mitochondrial stains was assessed for imaging mitochondria in 
conidia during germination. These included DASPMI, MitotrackerTM  Green FM, 
Rhodamine hexyl ester, DIOC 6 and Rhodamine 123. 
DASPMI and MitotrackerTM  Green FM produced diffuse and non-specific staining 
with some evidence that the former was sequestered into the vacuolar system. 
Rhodarnine hexyl ester and DIOC 6 stained the mitochondria after 45 min of 
incubation in the dye. In addition to staining being slow, the mitochondria were 
poorly stained in the B- and M-cells with both dyes (e.g. Fig. 4.11 A). Rhodamine 123 
was rapidly internalized into all 3 conidial cells and exhibited strong selectivity for 
mitochondria, and was therefore chosen for subsequent analysis (e.g. Fig. 4.24 in 
Section 4.2.5.3). 
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Figure 4.11: (_unlocjl 	01 tuur Lill eerniinated conidia stained 	ith (A) I)IOC,,. (B) Nile red 
(C) SYTO 13 and, (D) SYTO 16. Note stained the mitochondria in (A) and to a lesser extent (B) 
are more strongly stained in the apical cells. Imaged using a x40 dry objective. Note that bar in (B) 
applies to (A. Q. Bars = 5 rim. 
Five other dyes also stained mitochondria. These were the lipid stain Nile red 
(Fig. 4.11 B), the nucleic acid stains SYTO 13, 14, and 16 (e.g. Fig. 4.11 C.D), and the 
membrane stain FM4-64. Staining of mitochondria by FM4-64 was not as specific as 
some of the other dyes assessed and the mitochondria took varying times to stain, 
often doing so after germination. Although this delay in mitochondrial staining meant 
that the dye could not be used for complete time-courses of germination, it was 
utilized for imaging mitochondria in the latter stages of germination (e.g. Fig. 4.34 in 
Section 4.2.5.3). 
4.2.3.3 Assessment of vacuolar dyes 
A range of potential vacuolar stains were evaluated for imaging the vacuolar system 
within conidia during germination, including cFDA, cDCFDA, cDFFDA, FUN-I, 
MDY-64 and FM4-64 (Table 2.2). A common problem with the dyes assessed was 
that during the early stages of germination, dye uptake was usually low, resulting in 
diffuse staining. Attempts were made to overcome this by adding the dye at the time 
of hydration (i.e. the conidia were harvested in dye solution rather than being stained 
after hydration), but this did not sufficiently improve dye uptake. As germination 
commenced dye uptake commonly improved and by the GT 2 stage all the dyes 
evaluated were readily internalized by germlings. 
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The membrane stains MDY-64 and FM4-64 were also assessed. Both dyes are 
general membrane stains and so do not exclusively stain the vacuolar membrane. 
FM4-64 was less phototoxic and produced a brighter signal per PM of dye. However, 
it took some time until the vacuolar membrane was clearly stained, and as it did not 
exclusively stain the vacuole membrane it was used here only to analyse the GT 2 and 
GT3 stages of germination. The dye M1)Y-64 was internalized by ungerminated 
comdia and germlings (Fig. 4.1 2A,B) but could not be used for live-cell time-courses 
of vacuolar membranes because it was phototoxic at the concentrations required to 
achieve a reasonable signal to noise ratio for confocal imaging. 
The dyes cSNARF- 1 and BCECF-AM ester are widely used fluorescent indicators 
for estimating intracellular pH. During some preliminary work in which attempts 
were made to analyse cytosolic pH in growing germlings it was discovered that 
cSNARF- 1 and BCECF-AM ester were sequestered within the vacuolar system 
(Fig. 4.12C and see Fig. 4.51 in Section 4.2.5.4). The extent of sequestration varied 
between cells, conidia and the developmental stage of the cells. Staining was less 
diffuse and more localised with cSNARF-1 making it one of the better stains for 
UNG conidia. In addition the calcium indicator Oregon Green-AM ester was also 
found to be sequestered by the vacuolar system (Fig. 4.12D). 
FUN-i stains both the cytoplasm and intravacuolar structures within metabolically 
active cells (Haugland, 1999). It is possible to divide the fluorescence emission such 
that the cytoplasmic and vacuolar signal are received in different channels (i.e. 
different detectors) on the confocal microscope. Although the vacuolar system was 
poorly discriminated, brightly fluorescent bodies that might be vacuolar inclusions 
were present in both ungerminated and germinated conidia within the cells and germ 
tube (Fig. 4.13). However, with both fluorescence and confocal microscopy the dye 
photo-bleached rapidly. 
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Figure 4.12: Coniocal Images ol coiildla in iiich components ot the vacuolar system are stained. 
(A) An ungerminated conidium stained with MDY-64 (note that the STM is stained), (B) a GT, 
germling stained with MDY-64. Note that the dye stains the vacuole membrane but also appears to 
stain other membranous components of the cell. (C, D) Two germlings (GT2 stage) stained with (C) 
BCECF-AM ester and (D) Oregon Green-AM ester, both of which are sequestered into the lumen of 
the vacuole system. Note that in (C) the dye is only sequestered by the vacuolar system within the 
apical cell and germ tube, and that in (D) tubular vacuoles are visible in the middle cell. Imaged 
using x60 (A,B) and 40 (C,D) objectives. Bars = 5 tm. 
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Figure 4.13: Corifocal images of conidia stained with FUN-I. (A) An ungerminated conidium, 
(56 min post hydration) and (B) a germinated conidium, at the GT 1 stage of germination (102 mm 
post hydration). The fluorescence signal has been divided into two channels to separate general 
cytoplasmic staining (channel 2) from fluorescence emanating from stained vacuolar inclusions 
(channel I). Imaged using a x40 objective. Bar = 5 pm. 
The vacuolar system was best discriminated by cDFFDA during germination. It was 
found that the optimum results were obtained if the dye was fresh, and that after 2-
3 h in solution the background fluorescence often became high indicating that the dye 
had oxidised. Thus the dye was often washed out of solution after loading the cells 
(see Section 2.7.2). Although the dye became photo-bleached if over-exposed to the 
confocal laser, it was internalized by ungerminated spores and appeared to be the 
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least phototoxic of all the vacuole-selective dyes assessed (e.g. Fig. 4.38 in Section 
4.2.5.4). On this basis, cDFFDA was chosen as the principal dye for live cell time-
courses of vacuolar organization and dynamics. Several of the other vacuolar stains 
were used for correlative staining of the vacuolar network to confirm the patterns 
observed with cDFFDA. 
4.2.4 Assessment of live-cell analysis techniques 
In order to ensure that conidia and germlings were alive and unperturbed during data 
collection by confocal imaging, a number of experiments were performed which 
tested the cytotoxicity and phototoxicity of a range of dyes, including those selected 
for subsequent confocal microscopy (Section 4.2.3). These included an assessment 
of: 
• percentage maximum germination and differentiation within populations of 
spores loaded with dye, 
• germ tube growth rates in the presence of the principal dyes, 
• germ tube growth rates during laser irradiation, 
• germ tube growth rates in the presence the principal dyes during laser irradiation, 
• pathogenicity of dye-loaded spores. 
4.2.4.1 Influence of dyes on germination and differentiation 
Maximum germination and differentiation (see Section 3.2. 1) were assessed in the 
presence of the principal dyes, and some of the other more promising ones. A dye 
concentration of 10 .tM was chosen because this was found to be the maximum 
required to obtain a sufficient signal for confocal microscopy (Table 2.2). 
The mean percentage maximum germination was >97% for all dyes with the 
exception of the dyes FUN-1, MIDY-64 and SYTO 11 (Table 4.1). The mean 
percentage maximum differentiation was >92% for all treatments except those 
samples stained with SYTO 11 and cSNARF-1 AM. 
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Target 	% Maximum % Maximum Total no. No. of 
Dye organelle germination differentiation spores samples 
Control (no dye) - 	97.9±1.51 94±2.77 2061 16 
SYTO 11 	 nuclei 	16.9 ± 5.29 	0.0 ± 0.00 	467 	4 
Rhodamine 123 	mitochondria 	98.9 ± 1.18 	93.2 ± 3.13 	1156 	9 
cDFFDA 98.9 ± 0.47 93.3 ± 2.61 964 8 
FM4-64 97.4 ± 0.90 94.0 ± 0.33 702 6 
MDY-64 91.6±3.27 92.5±2.67 655 5 
cDCFDA 	 vacuolar 98.5 ± 1.28 95.3 ± 2.71 842 7 
Oregon Green AM ester 99.1 ± 0.05 97.2 ± 1.61 329 3 
BCECF 97.7 ± 1.60 94.1 ± 5.24 887 7 
FUN-1 94.4 ±4.02 92.1 ± 5.11 767 6 
cSNARF-i AM 98.7 ± 0.97 26.5 ±21.53 858 6 
Table 4.1: Mean percentage maximum germination and differentiation (measured after >21 h) in the 
presence of a range of fluorescent dyes (10 riM). The dyes in bold were those chosen as the 
principal organelle dyes for subsequent confocal imaging. 
4.2.4.2 Influence of dyes on germ tube extension rate 
The conidia and germlings were very sensitive to irradiation by the confocal laser. It 
was found that it was possible to collect entire time-courses of germination (i.e. 
UNG-GT3 stages) in an individual conidium by conlocal microscopy when using a 
x40 Plan apo objective, but not at higher magnifications (Table 2.1). At higher 
magnifications the intensity of laser irradiation of the cells is increased and the 
repeated imaging required to collect germination time-courses (i.e. UNG-GT 3 stages) 
usually killed the conidia. 
To assess the influence of laser irradiation and dyes required to allow the collection 
of organellar data within living conidial cells, germlings were irradiated on the 
confocal microscope and germ tube extension rates were measured as described in 
Sections 2.8.2 and 2.11. In the first experiment, unstained conidia were scanned once 
every 20 min using live-cell time-course parameters (see Table 2.3) throughout 
germination (20-180 min post hydration). The germ tube extension rates and times of 
emergence were compared for the GT 1 and GT 2 categories with the data previously 
collected using light microscopy (Section 3.2.7.). There was no evidence that the 
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growth rate of germ tubes produced by laser-irradiated conidia differed from the non- 
laser irradiated conidia (two-tailed Students t-test: GTDI:  p = 0.45, GT 2 : p = 0.94, 
n 9, 5). Similarly, there was no significant difference in germ tube emergence times 
(two-tailed Students t-test: GT': p = 0. 19, GT 2 : p = 0.15 n = 9, 5). 
Germ tube growth rate 
(pm.min 1 ) 
Time interval before laser during laser Sample Sample between scans irradiation irradiation number (mm) 
1 0.35 ± 0.07 0.33 ± 0.08 9 
no dye 
4 0.34 ± 0.03 0.35 ± 0.05 9 
cDFFDA 1 0.36 ± 0.13 0.32 ± 0.08 11 
(7.5 pM) 4 0.40 ± 0.11 0.40 ± 0.13 8 
Rhodamine 123 1 0.26 ± 0.08 0.13 ± 0.07 8 
(7.5 pM) 4 0.28 ± 0.07 0.32 ± 0.10 10 
FM4-64 1 0.41 ± 0.06 0.41 ± 0.07 7 
(7.5 pM) 4 0.34 ± 0.06 0.35 ± 0.10 8 
Table 4.2: Mean germ tube growth rates before and after irradiation by the confocal laser. In each 
case the same germ tubes were measured before and after laser irradiation. Two successive scans 
were performed at intervals of either 1 or 4 min over a total of 10 or 16 min respectively. The live-
cell time-course confocal parameters used are described in Table 2.3. 
In the second experiment the germ tube growth rate was assessed in germlings in the 
presence and absence of the principal dyes used to image the vacuolar system 
(cDFFDA), mitochondria (Rhodamine 123) and membranes (FM4-64). Two 
successive laser scans were performed at intervals of either 1 or 4 min over a total of 
10 or 16 min respectively (i.e. ~!10 mm). Germ tube growth rates were measured 
before and during laser irradiation (Table 4.2). 
There was no evidence that the germ tube growth rate was affected by laser 
irradiation in either the control (no dye), or FM4-64-loaded germlings (Table 4.2 cf 
Table 3.3, Section 3.2.7). There was a slight decrease in the mean germ tube growth 
rate at the higher scan frequency in cDFFDA-loaded germlings otherwise there was 
no evidence that the presence of the cDFFDA had cytotoxic or phototoxic effects. 
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The mean germ tube growth rate in Rhodamine 123-loaded germlings was attenuated 
prior to irradiation by the laser, and either (a) increased slightly when scanned every 
4 mm, or (b) was halved when scanned every mm. Thus, although the dye does not 
affect the mean percentage maximum germination or differentiation (Table 4.1), 
evidence was obtained that Rhodamine 123 was slightly cytotoxic and that when 
irradiated can become phototoxic (Table 4.2). 
4.2.4.3 Testing conidialpathogenicily in vivo 
Having determined that differentiation occurred in the presence of the principal vital 
organelle dyes, an experiment was performed to assess whether dye-loaded 
differentiated germlings retain their pathogenicity on dye loading. 
A range of dyes (see Table 4.3) was subjected to an in vivo pathogenicity test in 
which intact rice plants were inoculated with low concentrations of dye-loaded 
spores (Section 2.12.3). Prior to inoculation the percentage of conidia within a 
population that internalize each dye used in the in vivo pathogenicity test was 
assessed. In each case 100% ± 0.0 of the conidia internalized the dye (>500 comdia 
per sample, 4-11 samples for each dye) (see Section 2.12.3). 
Treatment 	 Description 
cDFFDA vacuolar lumen dye 
Rhodamine 123 mitochondrial dye 
FM4-64 endocytic marker 
MDY-64 vacuolar membrane dye 
carboxySNARF-1 pH/vacuolar dye 
spores only control I (no dye) 
water only control 2 (no spores) 
Table 4.3: Pathogenicity test inoculum treatments. Rice leaves were inoculated with Magnaporthe 
grisea conidia loaded with one of a range of dyes (10 tM). The following controls were included: 
(1) water only, and (2) conidial inoculum that had not been loaded with dye. Reprinted from Table 
2.5, Section 2.12.3 for convenience. 
All dye treatments and the 'no-dye' control resulted in the formation of lesions on the 
leaves, which were indicative of successful infection (Fig. 4.14). No lesions were 
formed on the water-only control inoculated leaves (Fig. 4.14). The external and 
internal characteristics of the lesions were examined. General characteristics of 
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lesions have been defined previously (Section 3.2.6). There were no observable 
differences between the leaf lesions caused by the no-dye control, and dye-loaded 
inocula: in all cases the lesions exhibited the same characteristics as described 
previously. No lesions were formed on the leaves inoculated with water only. 
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Figure 4.14: Lesions formed on rice leaves 5 days after inoculation with dye-loaded M. grisea 
conidia. Two controls were included, (I) a water only inoculum and, (2) a conidial inoculuni that 
was not dye-loaded. Note that lesions have formed on all but the water only (no spores) inoculum. 
Successful infection was scored using the following criteria: 
• presence of internal hyphae within the host tissues, 
• formation of conidiophores within the lesion, 
• formation of conidiophores outside the lesion (lesion delimited by a brown edge). 
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In all treatments the above criteria were fulfilled, indicating that loading conidial 
inoculum with dye did not compromise the normal infection process and thus 
conidial pathogenicity. 
4.2.5 Confocal analysis of conidial cytology during germination 
Two sets of confocal imaging conditions were defined (Table 2.3): (a) "live-cell 
time-course" parameters which were the least damaging to conidial cells and allowed 
the collection of entire time-courses of germination (i.e. UNG—GT3 stages) in an 
individual conidium (b) "individual image" parameters provided the highest 
resolution images but were ultimately deleterious to the cells (especially when a x60 
oil objective was used) and thus unsuitable for entire time-courses of germination in 
individual conidia. As most germination occurs from the A-cell, apically germinated 
conidia are primarily considered in the following sections. 
Between seven and ten live-cell time-courses were collected for each organelle type 
(except the nucleus), using the principal dye for each organelle (Section 4.2.3) to 
observe their distribution and dynamics during germination in individual conidia. 
Conidia and germlings were also sampled from the population at different stages of 
germination (as defined above in Section 4.2. 1) in order to determine whether the 
observations within individual conidia were characteristic of the population and not 
influenced by the successive laser irradiation required to obtain individual conidial 
time-courses. 
To refine the details of organelle morphology and organization observed with the x40 
objective, spores were examined in greater detail using a x60 oil objective. At these 
higher magnifications, entire germination time-courses of individual spores could not 
be collected as the dyes were more prone to photo-bleaching and the conidia became 
stressed by the greater exposure to radiation resulting from the use of high-power 
lenses (see Section 4.2.4.2). Thus, populations of spores were examined and short 
time-courses were collected. Rapid time-courses (scanned every 10 sec) were also 
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4.2.5.1 Conidial autofluorescence during confocal analysis 
To determine whether the conidium itself might contribute to the detected signal the 
autofluorescence of unstained conidia during germination was assessed on the 
confocal microscope. The confocal parameters were those that were used to collect 
live-cell time-courses (Table 2.3) with blue excitation and a x60 oil objective in order 
to optimise the conidial exposure to the laser. The room temperature was maintained 
at 24 ± 1 °C. The data are shown in Figure 4.15. The minimum value on the y-axis is 
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Figure 4.15: Mean conidial autofluorescence at photomultiplier gains 5, 6, 7 and 7.7 with blue 
excitation. Approximate stages in germination are given. Between 7-10 conidia were sampled at 
each data point and the vertical bars show standard deviations. Abbreviations: UNG 
(uigerminated); GT1 /2  (Germ tube I or 2; see text). 
There were no observable differences between the mean conidial fluorescence 
collected at the four gain settings on the photomultiplier detector; gain 5 producing 
the highest and lowest values. The mean fluorescence values fluctuate between 10-
12 in all four data sets. At the higher gains (>7.5) some faint fluorescence appeared 
to emanate from the vacuolar system, especially during the GT 1 —GT3 stages of 
germination. Thus, it was decided that gains of 5-7 (50-70%) would be used to 
collect organelle data. 
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4.2.5.2 Nuclei 
In order that the position of the nuclei in each cell is clear, negative images of the 
SYTO 11 stained cells are shown. Each cell characteristically contained one nucleus, 
although on one occasion two were observed in the M-cell (Fig. 4.16). 
2.4 
Figure 4.16: Negative confocal image of an EGT conidium with two nuclei stained in the M-cell. 
Note that the A-cell nucleus is only faintly stained, that this is unusual. Stained with SYTO 11. 
Imaged using a x40 dry objective. Bar = 5 gm. 
Figure 4.17: Contocal images showing three series of transverse optical sections that were 
collected through the apical cells of three different ungerminated conidia showing, (A) the nucleus 
(stained with SYTO II), (B) the mitochondria (stained with Rhodamine 123) and (C) the vacuolar 
system (stained with cDFFDA), Imaged using a x60 objective. Bar = 2 gm. 
The three different nuclei usually stained to different extents; the A- and then the 13- 
cell nuclei being the most intensely stained. At lower dye concentrations, the M-cell 
nucleus was rarely visibly stained, but the structural details of the A- and B-cell 
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nuclei were revealed (Fig. 4.17A). In all three cells a partial ring of bright spots was 
often detected around the nucleus (Fig. 4.18). The diameter of the nucleus (based on 
A- and B-cell nuclei) was 2.3 ± 0.1 jim (n = 13). The M-cell nucleus commonly 
appeared to be smaller and to determine whether this was due to poor dye uptake, 
samples were refrigerated in the presence of the dye for 12 h. When fully stained, 
there was no evidence that there was any difference in the size of nuclei between 
cells. 
Figure 4.18 Confocal images of median sections through three different nuclei. Bright spots are 
characteristically present within the nucleus, and they often appear to form a rough ring around it. 
Stained with SYTO 11. Imaged with a x60 objective. Bar = 2 gm. 
Figure 4.19: C'onfocal image of an ungerminated con idiuni at 35 min post h\ dration stained with 
the membrane dye MDY-64. Note that the nucleus is negatively stained. Dye was added 10 mm 
post hydration. Imaged with a x60 objective. Bar = 5 pm. 
Attempts were made to use the membrane dye MDY-64 to negatively stain the 
nuclei, but this proved unsuccessful due to the phototoxic nature of this dye over the 
prolonged period of laser irradiation required for live-cell time-courses (Fig. 4.19). 
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Figure 4.20: Negative confocal images of conidia and gerniling showing examples of the three 
broad categories of nuclear organization present within conidial populations during germination: 
(A) Category 1 (B, C) Category 2, (D) Category 3 (see text). Note that the conidia have been 
arranged so that the basal septa ( -*) are aligned. Stained with SYTO II. Imaged using a x40 
objective. Bar = 5 gm. 
Due to the cytotoxic nature of SYTO 11, live-cell time-course data could not be 
collected. However, the spores appeared healthy for -20 min in the presence of the 
dye and during this time no changes to the nuclear morphology or disruption to the 
cellular organization were observed. A population analysis was therefore performed 
in which the nuclear distribution in conidia was analysed at each stage of germination 
(UNG—GT 3 stages). Nuclear distribution was recorded within spore populations and 
grouped according to the stage of germination. Because SYTO1 I is cytotoxic, spores 
were only sampled between 5-15 min post dye (See Section 4.2.3.1). The experiment 
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was performed four times and a total of 190 conidia were analysed. Approximately 
two thirds of the spore population had all three conidial nuclei stained (n = 135). The 
remainder were not included in the analysis. 
There were three main categories (Fig. 4.20) of nuclear organization based on the B-
and M-cell nuclear distribution: 
• Category 1: both nuclei were closely associated with the plasma membrane. The 
most common positions for the nuclei were: M-cell nucleus located in the corner 
between the B-septum and plasma membrane, and the B-cell nucleus located in 
the region of plasma membrane surrounding the stalk (Fig. 4.20A) 
• Category 2: either the M-cell or less frequently the B-cell nucleus moves towards 
the longitudinal axis of the conidium. When the M-cell nucleus changes position it 
was commonly alongside the B-septum and rarely in contact with the plasma 
membrane; occasionally it was observed in the centre of the cell (Fig. 4.20B). 
When the B-cell nucleus changed position it was nearer the B-septum than in 
Category 1, and sometimes in contact with the plasma membrane. (Fig. 4.20C) 
• Category 3: both the nuclei are in alternative positions to Category 1, both being 
in the positions described in Category 2. At this stage they are often more-or-less 
parallel across the septum near the longitudinal axis of the spore. The distance 
between the nuclei and septum varied and on some occasions one or both the 
nuclei appear to be in direct contact with it (Fig. 4.20D). 
In order to determine whether these three nuclear categories simply represent the 
variation within the population, or are determined in some way by the stage of 
germination, the percentage of the conidial population represented by each category 
was determined at each stage of germination. The UNG stage was divided into 4 sub-
stages defined by time post hydration, and germinated spores into the EGT, GT 1 , 
GT2 , or GT3 stages of germination described previously (Section 4.2.2). Note that the 
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first UNG sub-stage is only 5 min in length because nuclei were not imaged until at 
least 15 min post hydration. The results are presented in Fig. 4.21. 
The percentage of the conidial population represented by each of the three different 
categories changes with the defined stages of germination. Category 1 was the only 
nuclear pattern observed at 15-20 min post hydration, and with time becomes less 
common being absent from the germinated stages. The observed decrease in category 
I coincides with a gradual increase in the percentage of Category 3 within the 
conidial population, which continues throughout germination. Category 2 appears to 
be an intermediate stage. Thus, the evidence suggests that the B- and M-cell nuclei 
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Figure 4.21: The percentage occurrence of the 3 general categories (1, 2 and 3) of nuclear 
distribution within conidial populations at different stages of germination. UNG I. 2, 3 and 4 are 
ungerminated spores after: 15-20, 30-35, 40-50, and >60 min post hydration, respectively. 
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Figure 4.22: Negative confocal images of different conidia at successive stages during germination, 
demonstrating the likely nuclear dynamics during germination. Stained with SYTO II. Imaged 
using a x40 objective. Bar = 5 ini. 
Representative conidia that demonstrate the overall pattern of nuclear position during 
germination are shown in Fig. 4.22. The A-cell nucleus occupies the central region of 
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the cell, and due to the small size of the A-cell it was impossible to determine by 
population analysis whether the A-cell nucleus had changed its position during the 
LUNG—GT2 stages of germination. However, in germinated apical cells during the 
GT3 stage of germination, the nucleus was often positioned towards the base of the 
germ tube. Occasionally it was observed to have migrated along the germ tube having 
become elongated in the process (Fig. 4.22F). Unstained live cell time-courses 
collected by DIC microscopy agree with these findings of this population analysis 
(e.g. Fig. 4.8). 
SYTO 11 stains both DNA and RNA (Haugland, 1999). General staining of the 
cytoplasm was observed in all cells, and was brightest within the A- and B-cells and 
the germ tube (Figs. 4.20, 4.22). This could indicate that there is a higher density of 
cytoplasmic nucleic acid within these cells; alternatively, it could be an artefact 
caused by differential uptake of the dye into the different conidial cells. Nuclei within 
the germinated cell occasionally appeared to be larger (Fig. 4.23). 
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Figure 4.23: Negative confocal image of a germling at the GT 3 stage of germination. Note that the 
apical cell contains a large nucleus. Stained with SYTO 11. Imaged using a x40 objective. 
Bar = 5 gm. 
4.2.5.3 Mitochondria 
On the basis of the findings in presented in Table 4.2, the time intervals between 
images were kept as long as possible when using the principal mitochondrial dye, 
Rhodamine 123. In this way it was possible to collect live-cell time-courses using the 
CLSM parameters defined in Table 2.3 without perturbing the cells. 
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Figure 4.24: Confocal images showing two examples of live-cell time-courses of niitochondrial 
distribution in individual conidia throughout germination. (A) One germ tube is produced, from the 
apical cell. (B) two germ tubes, first from the basal cell and then from the apical cell; stages refer to 
the first germ tube. Images are projection of 2-3 optical sections. Stained with Rhodamine 123. 
Imaged using a x40 objective. Bars = 5 ,.im 
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Two examples of live-cell time-courses are shown in Figure 4.24. In general, as 
germination proceeded the mitochondria became progressively longer, more 
numerous, and polarised towards the growing germ tube. To refine the details of the 
mitochondrial organization and distribution, images of individual conidia were 
collected at different stages during germination using a x60 oil objective (Fig. 4.25). 
Figure 4.25: (onkcd imduc.s Ui UhIULhoIidrIdi tunm in I LprcscIItill i\ L coindia :ii ciLii [iUC ol 
germination (UNG—GT3 ). Images are projections of optical series; (A) has been image processed to 
enhance the M- and B-cell fluorescence intensity. Stained with Rhodamine 123. Imaged using a x60 
objective. Bar = 5 tni. 
Mitochondria exhibited variable morphology. The principal types were either (a) 
small spherical to rod shaped, (e.g. Fig. 4.25A) and (b) elongated mitochondria that 
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were often branched (e.g. Figs 4.25C—E). Both types are —0.4-0.5 Pm in width, 
although the elongated mitochondria showed greater variation and could be up to 
0.6 pm in width in some regions. Rhodamine 123 often stained the A-cell and/or 
germinated cell more brightly than the other conidial cells and this was most 
pronounced during the EGT—GT 1 stages of germination (e.g. Figs. 4.24A,B, 4.25). 
In the M- and B-cells the mitochondria were primarily localised in the peripheral 
region of the conidial cells, close to the plasma membrane, throughout germination 
(e.g. Figs. 4.17B, 4.26). This is not always clear in a projected image (Fig. 4.27 cf. 
4.25). The structures identified as putative mitochondria by DIC imaging 
(Figs. 4.5C, 4.6A, 4.9) correspond with the observations made here, both with respect 
to their dimensions and distribution within the conidia. 
Figure 4.26: Confocal images that are projections of optical sections presented as stereo pairs of 
representative conidia and germlings at three different stages of germination. Note that the 
mitochondria are primarily peripheral in the basal and middle cells and polarised towards the germ 
tube in the germinated cell. The numbers are min post hydration and the dye was added at 8 (UNG. 
EGT images) and 95 (GT 2 image) min post hydration respectively. The GT2 stage spore has been 
image processed to increase the fluorescence intensity in the B- and M-cells. Stained with 
Rhodamine 123. Imaged using a x60 objective. Bar = 5 Am. 
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Figure 4.27: Confocal I iag.s ul d gcrriihn.ai ihc 6 I 1 stage ot ger luhIlalton showing (A) a median 
section though the M-cell and across the B-cell, and (B) the projected imaged comprised of a series 
of optical sections, including that shown in (A). Imaged using a x60 objective. Bar = 5 jim. 
Figure 4.28 C oniocal images showing examples ol uneerni mated spores. Smal mitochondria (A. 
B) are commonly predominant within ungerminated conidia: however, elongated mitochondria are 
also present, and sometimes they predominate (C, D). Note that (B) is ungerminated after 180 mm 
post hydration and still contains primarily small, spherical and rod shaped mitochondria. Stained 
with Rhodamine 123. Numbers are min post hydration, and the dye was added at 8 mm (A, C and 
D) and 90 mm (B) post hydration. Images are projections. Imaged using a x60 objective. 
Bar =5 pm. 
The density of mitochondria increased during germination, and this was most 
pronounced between the initial phase of the UNG stage and the EGT stages 
(Fig. 4.25A,B). During this early phase (<30 min post hydration) of the IJNG stage, 
mitochondria were primarily small and spherical (-0.4-0.5 gm) and sometimes rod-
shaped (similar size), with a few that were elongated, and sometimes branched 
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(Figs. 4.25A, 4.28A). There were no observable differences in mitochondrial 
morphology and organization between the different cells of ungerminated conidia 
during this part of the UNG stage of germination. 
The small spherical and rod-shaped mitochondria were not an artefact caused by 
insufficient dye uptake as they were also present within ungerminated spores which 
had been in the dye for extended periods (Fig. 4.28B). During the rest of the UNG 
stage (>30 min post hydration) there was more variation in mitochondrial 
morphology: in particular, some spores contained a higher proportion of elongated 
mitochondria and these sometimes appeared to be polarised within the A-cell prior to 
germination (Figs. 4.28C,D, 4.26). The small spherical and rod-shaped mitochondria 
were present in all conidial cells throughout germination (UNG—GT3). 
By the stage at which a germ tube had emerged (EGT), the mitochondria within the 
germinated cell were primarily elongated and polarised towards the growing germ 
tube tip, and mitochondria were observed to extend into and along the length of the 
growing germ tube (e.g. Figs. 4.25B, 4.26). In germlings, the ungerminated cells also 
usually contained a higher proportion of elongated mitochondria than was observed 
during the UNG stage, but these appeared less numerous and shorter than in the 
germinated cell and generally did not exhibit polarisation towards the growing germ 
tube. 
As the germ tube extended (GT 1—GT2) the elongated mitochondria within the 
germinated cell became longer (e.g. Figs. 4.24, 4.25C,D). Although the mitochondria 
of the germinated cell always exhibited this elongated and polarised morphology, 
mitochondria in the two ungerminated conidial cells exhibited greater variation. In a 
conidium that had germinated from the A-cell, the B-cell often remained more or less 
as it had been during the EGT stage, although the M-cell usually contained a higher 
proportion of elongated mitochondria than at the EGT stage, but never at the same 
density as in the germinated cell (e.g. Figs. 4.25C,D, 4.26, 4.27). However, the 
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degree of elongation and polarisation of mitochondria within these two cells varied 
between conidia. 
Figure 4.29: ( ontocai images ot a germ I ing at the (j I stage ol germination sho ing three di Ilerent 
optical sections (A) and a projected image (B). All three cells contain elongated mitochondria that 
are polarised towards the growing germ tubes. Note the mitochondria "stretching" between the 
septa (arrows) and that the nuclei (n) are surrounded by mitochondria. Stained with 
Rhodamine 123. Imaged using a x60 objective. Bar = 5 jim. 
During the GT3 stage, mitochondria usually maintained the organization described 
for the GT2 stage and in some cases still primarily contained spherical mitochondria 
(Fig. 4.25E), although in others the mitochondria in the B-cell appeared more 
elongated (Fig. 4.24A). However, when both the A- and B-cells germinated, all three 
cells mainly contained elongated mitochondria, which were polarised towards the 
germ tube in the germinated cells (e.g. Figs. 4.2413, 4.29). In these spores the M-cell 
mitochondria were also usually polarised towards the germ tubes. They were 
observed to still be primarily peripheral (Fig. 4.30), but sometimes what appeared to 
be one long, or several shorter interwoven mitochondria stretched between the two 
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septa through the centre of the cell (Figs. 4.2413, 4.29). This was also observed in the 
M-cells of spores that had only germinated from one cell (4.24A). 
Figure 3.30: (onfocal image of a germling, at the (IL stage of germination, showing that the 
mitochondria are polarised towards both germ tubes and are distributed around the periphery of the 
middle cell. Stained with Rhodamine 123. Imaged using a x60 objective. Bar = 5 gm. 
Figure 4.1. 	 '(n)c Li i,1L1Ll!L 	 I 
germ tubes. (A) Mitochondria are commonly associated with the nucleus (n) throughout 
germination, this example is an ungerminated conidium. (B) Mitochondria are often positioned next 
to, and parallel to the septum (arrow); in this case the germling is at the GT 3 stage with two germ 
tubes. (C—E) Apically germinated cells at the (C) GT 1 , (D) GT2 and (E) GT3 stages of germination. 
At all stages the mitochondria are elongated in the germinated cell and germ tube, and are closely 
associated with one another, sometimes appearing to be interconnected. Stained with 
Rhodamine 123. Imaged using a x60 objective. Bars = 5 j.tm. 
Mitochondria were closely associated with the nuclei throughout germination (e.g. 
Figs. 4.29, 4.31 A). They were often orientated parallel to the septa, especially within 
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the M-cells during the GT2 and GT3 stages of germination, and sometimes appeared 
to be continuous between the cells (e.g. Figs. 4.29, 4.3 1 B). Elongated mitochondria 
were straight or curved and were frequently branched (Fig. 4.32). They were often 
very closely associated with one another and were observed to be interconnected (e.g. 
Figs. 4.31 C—E, 4.32C,D). This made it difficult to determine the precise lengths of 
individual mitochondria., especially within the narrow germ tube, in which many of 
the apparently longer mitochondria were located. Where an individual mitochondrion 
was clearly definable lengths of up to 15 pm have been measured. 
Figure 4.32: Contöcal images of' elongated milochoiidria showing examples of. (A. B) branched 
mitochondria. (C) closely associated mitochondria and (0) networks formed by mitochondria in 
conidia at the UNG (A, B), EGT (C) and GT2 (D) stages of germination. Stained with 
Rhodamine 123. Imaged using a x60 objective used. Bars = 5 gm. 
Mitochondria within the conidial cells were dynamic throughout germination and 
there was evidence that fusion and fission occurred (Fig. 4.33). However, they were 
most dynamic within the growing germ tube. Elongated mitochondria were observed 
to repeatedly move up into the germ tube tip region, and then to retract (Fig. 4.34). 
Small mitochondria were also present and there was some evidence of fragmentation 
and fusion within the germ tube (e.g. Fig. 4.35). When a germ tube was stressed by 
over-exposure to the confocal laser it eventually stopped growing. This was 
accompanied by retraction of the mitochondria from the tip region to a subapical 
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position (Fig. 4.36) where they sometimes appeared to 'round-up' becoming less 
elongated and denser. 
Figure 4.33: Confocal images of mitochondrial dynamics within the (A) middle and (B) apical cell 
of two different germlings at the GT 2 stage of germination. The numbers are seconds after the 1st 
image, which was collected at (A) 173 min and (B) 175 min post hydration. Note that in both 
examples mitochondria appear to fuse and also to exhibit movement. The arrows in (A) mark the 
same position within the cell, and in (B) mark the position of the A-cell septum. Stained with 
Rhodamine 123. Imaged using a x60 objective. Bars = 2 lam. 
Figure 4.34: Confocal ini 	 1 - 	 o ditirent grossing germ 
tubes (GT). Mitochondria typically repeatedly move into the germ tube tip region and then retract. 
The distance that they retract to varies and in these examples are (A) 1-2 pm or (B) 4-5 pm. The 
numbers are min post hydration and the dye was added at 287 and 320 min post hydration. Stained 
with FM4-64. Imaged using a x60 objective. Bars = 2 lam. 
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Fig.i re 4.35: (011 tcal Images shoxk lug in tochondrial d ilainics ui a germ Ribe produced from the 
apical cell of a conidium at the GT 2 stage of germination. The arrow marks the base of the germ 
tube. The numbers are seconds after the first image, which was collected at 3 h post hydration. The 
elongated mitochondrion marked by arrow (a) appears to fuse with a mitochondrion extending from 
the apical cell, extend into the germ tube (30 see) and then 'break' (180 see). At the position marked 
by arrow (b) smaller mitochondria exhibit dynamism, appearing to fuse (30 see) and then separate 
(180 see). Also note the elongated mitochondrion that extends towards the tip beyond these 
mitochondria (180 see). Stained with Rhodamine 123. Imaged using a x60 objective. Bar = 5 gm. 
Figure 4.36: Confocal images showing mitochondrial dynamics in a germ tube produced by a 
conidium at the GT3 stage of germination. Numbers are min after the first image, which was 
collected at 2 h 57 min post hydration. Mitochondria typically repeatedly move into the germ tube 
tip region and then retract. After 15-18 min they permanently retract to —8 jim behind the tip. This 
coincides with the apical vesicle cluster becoming crescent-shaped at 18 mm, and then disappearing 
at 21 mm, which in turn is accompanied by the cessation of germ tube extension. Stained with FM4-
64. Imaged using a x60 objective. Bar = 2 pm. 
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A z-series analysis (0.4-0.5 pm steps) was carried out on 13 spores. Photo-bleaching 
was controlled for by optically sectioning conidia in both directions: underside to 
upper side and vice versa. 
Figure 4.37 Confocal images of conidia and germlings showing the optical sections next to (upper 
image in each example), and furthest from the substratum (lower image in each example). Conidia 
(A) and (B) are ungerrninated and sectioned towards the substratum, conidium (C) is at the EGT 
stage of germination and has been sectioned away from the substratum, (C2) is the apical cell of 
(Cl). The controls are ungerminated (D) and germinated (E) and are stained with the vacuolar dye 
cDFFDA. Imaged using a x60 objective. Bars = 5, 2, and 5 pm respectively. 
In all cases the mitochondria nearest the substratum stained more brightly than those 
on the opposite side of the spore, which were less fluorescent and often more 
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diffusely stained (Fig. 4.37A,B). This observation was confirmed in subsequent 
experiments. A possible explanation for this difference is that the signal is attenuated 
during its passage through the spore. However, although slight signal attenuation is 
observed with other dyes, the difference in fluorescence intensity is negligible 
(Fig. 4.37D,E). 
4.2.5.4 Vacuolar system 
Using the stain cDFFDA it was possible to image the vacuolar system in single 
conidia during germination using the live-cell time-course CLSM parameters (Table 
2.3). 
Figure 4.38: Conlocal images showing two examples of live-cell time-courses of vacuolar 
morphology and distribution in individual conidia throughout germination. The conidium in (A) 
produces one germ tube, from the apical cell, and in (B) two germ tubes are produced, firstly from 
the basal cell (119 mm) and then from the apical; stages refer to the first germ tube. Numbers are 
min post hydration and the dye was added at 15 min. Stained with cDFFDA. Imaged using a x40 
objective. Bars = 5 pm. 
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In addition to using cDFFDA to sample individual conidia during germination, a 
number of other vacuolar dyes were also used (Table 4.1). Data were consistent 
between dyes, providing evidence that the presence of cDFFDA does not alter 
vacuolar morphology. 
Two examples of live-cell time-courses are shown in Figure 4.38. The vacuolar 
system exhibited a variety of morphologies during germination, including small and 
large spherical, and globular types, and tubular vacuoles that often arose from the 
spherical and globular vacuoles. The morphology and dynamism varied according to 
the stage of germination. The main change in the morphology of the vacuolar system 
during germination was that it became progressively larger as germination proceeded 
(Fig. 4.38). 
During the UNG stage of germination the vacuolar system exhibited considerable 
morphological variation, and the different vacuolar morphologies fell into three 
broad categories: 
. The most common morphology observed (54% of ungerminated spores, n = 59) 
was a vacuolar system comprised of small (-0.5-1.0 Vim in diameter), roughly 
spherical compartments scattered throughout the cytoplasm of all three cells and 
sometimes with short tubular vacuoles within the A-cell (Fig. 4.39A—C). These 
spores appeared to contain a rudimentary vacuolar system compared to that of 
other ungerminated conidial morphologies (see below). Furthermore, examples 
were sometimes observed in which fewer than five spherical vacuole 
compartments were present throughout the spores (Fig. 4.391). It seems unlikely 
that this was due to insufficient dye uptake because similar observations were 
sometimes made after 75 min in the dye. Other categories of ungerminated 
vacuolar morphology were also easily stained in the same spore population, 
suggesting that the dye was able to enter ungerminated conidia with ease. In 
addition, DIC observations confirmed the presence of low numbers of small 
putative vacuolar spheres in ungerminated spores (Figs. 4.1A, 4.2A, 4.3A, 4.5). 
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Figure 4.39: Conlocal iinagc of dit1rcnt ungerminated corudia showing variation in VaCLJolar 
morphology at the UNG stage of germination. Note that (I) was optically sectioned and there were 
no other stained vacuolar compartments present within the conidium. The numbers are min post 
hydration, dye was added at 2 min post hydration. Stained with cDFFDA. Imaged using a x40 
Objective. Bars = 5 gm. 
An intermediate vacuolar morphology was observed (32% of ungerminated 
spores, n = 59) comprised of a mixed population of small to medium (=0.5-
2.0 tm in diameter), roughly spherical and globular bodies. They formed small 
clusters, but were generally distributed throughout each cell. Tubular vacuolar 
elements were commonly observed to arise from these vacuolar compartments 
(Fig. 4.39D—F) 
. The least common vacuolar morphology observed (14% of ungerminated spores, 
n = 59) was that in which the M- and often B-cells contained a group of medium 
sized (=2-4 tm in diameter) roughly spherical and globular vacuoles 
(Fig. 4.39 G,H). Tubular elements were not observed to be associated with these 
vacuoles during the UNG stage of germination. 
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In general the vacuolar system of the ungerminated spore did not exhibit much 
dynamism, except for occasional tubular elements that "stretched" between vacuolar 
compartments (e.g. Figs. 4.39F, 4.40). 
Figure 4.40: Confocal images of an ungerminated conidium showing a tubular element in the 
middle cell "stretching" from a group of small spherical vacuoles towards the septum (arrows). The 
numbers are min post hydration. Stained with cDFFDA. Imaged using a x60 objective. Bar = 5 gm. 
Figure 4.41: Conflical images that are projections of optical sections presented as stereo pairs of 
representative conidia and germlings at three different stages of germination. Numbers are min post 
hydration and the dye was added at 3 mm. Stained with cDFFDA. Imaged using a x60 objective. 
Bar =5 pm. 
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The variation in vacuolar morphology during the UNG stage of germination resulted 
in variation in the following stages of germination. By the EGT stage, the 
ungerminated spores that contained small roughly spherical vacuolar compartments 
became more like the intermediate ungerminated vacuolar category (i.e. containing a 
mixed population of small to medium roughly spherical and globular vacuoles), (e.g. 
Figs. 438. 4.41). 
Figure 4.42: Confocal images ot a gernittiated LOIIIJLUIU (tj I stage.) stained with cFDA. Note that 
various vacuolar morphologies are visible within the conidial cells and that (A) some vacuoles are 
localised around the apical septum, which (B) appears to be open, (C) is a different optical plane 
and that a line of spherical vacuoles runs from the septal pore to the base of the germ tube. The 
numbers are sec after the first image, which was collected at 2 h 20 min post hydration, and the dye 
was added at 15 mm. Imaged using a 00 objective. Bar = 5 pm. 
The subsequent events were as follows: as the germ tube extended during the GT 1-
GT2 stages of germination the vacuolar system became progressively larger and there 
was often a mixed population of vacuolar morphologies, composed of small and 
larger roughly spherical and globular bodies and tubular elements (e.g. 
Figs. 4.38,4.42). Ultimately large groups of roughly spherical and globular vacuolar 
compartments formed in each cell. These were largest in the M- and then the B-cells 
(e.g. Figs. 4.41, 4.43). They were commonly closely associated and 3-D analysis of 
spores stained with the membrane dye FM4-64 provided evidence that they were 
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interconnected (data not shown). During germination the vacuolar system was 
distributed throughout the conidial cells, rather than being peripherally distributed 
like the mitochondria (e.g. Figs. 4.17C. 4.38,4.41, 4.42). 
Figure 4.43: Conlocal images showing an individual germling at the Gi I and GT3 stages of 
germination. Note that the vacuolar system is initially comprised of small vacuoles (GT 1 ) and 
becomes larger. Medium sized spherical vacuoles form localised groups in the middle and basal 
cells and a tubular vacuole is visible in the germ tube. Numbers are min post hydration and the dye 
was added at 15 min post hydration. Stained with cDFFDA. Imaged using a x60 objective. 
Bar =5 jim. 
The observed increase in vacuolar size was at least partly the result of fusion of the 
smaller vacuoles, and this often involved the migration of one or both of the vacuoles 
towards one another, and sometimes the interconnection of tubular elements (e.g. 
Figs. 4.3 8A,13, 4.44. 4.45). 
Figure 4.44: Confocal images showing a time-course vacuolar morphology in the basal cell of a 
conidium. Note that as germination proceeds, the vacuolar system becomes larger and that vacuoles 
appears to fuse to form a large vacuole after 126 mm. The numbers are min post hydration and the 
dye was added at 30 mm. Stained with cDFFDA. Imaged using a x60 objective. Bar = 5 jim. 
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Figure 4.45: Confocal images showing vacuolar dynamics in the middle and basal cells of a 
germling at the GT 3 stage of germination. The vacuoles in the basal cell exhibit dynamism and 
appear to fuse. There is some evidence of diffusely stained vacuoles near the septum and between 
the main vacuolar compartments in the basal and middle cells, and that they appear to move 
towards the septum (10-30 sec). The apical cell vacuole is not present in the optical section. The 
septa between the apical (A), middle (M) and basal (B) cells are indicated by arrows and the 
numbers are seconds after the first image, which was collected at 4 h 4 min post hydration. Stained 
with cDFFDA. Imaged using a x60 objective. Bar = 5 gm. 
156 
4. ORGANELLE ORGANIZ4 TION AND DYNAMICS 
Figure 4.46: Confocal images showing vacuolar dynamics in the middle cell of a gerrnling at the 
GT3 stage of germination. The vacuoles appear to undergo fusion (0-40 sec) followed by fission 
(arrowhead),(60-100 sec). The septum between the middle (M) and basal (B) cells is indicated by 
an arrow and the numbers are seconds after the first image, which was collected at 3 h 50 nun post 
hydration. Stained with cDFFDA, x60 Objective used. Bar = 5 lum. 
Vacuoles sometimes fused and then separated (e.g. Fig. 4.46). Fusion on a more rapid 
and larger scale was also observed in conidial cells that were over-exposed to the 
confocal laser (Fig. 4.47). This type of fusion was easily distinguished from the 
morphological and dynamic changes of the vacuolar system within unstressed cells. 
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Figure 4.47: CoflIuLl 	I1lt 	1to' 1hiapi,i \ILU 	on ill the 	eIl ul 
con idium (GT1 ) that has been overexposed to the confocal laser. The numbers are sec after the first 
image, which was collected at 140 min post hydration. Stained with MDY-64. Imaged using a x60 
objective. Bar= 5 lum. 
During the GT 1 —GT2 stages, the vacuolar system was highly dynamic, exhibiting 
pulsatory behaviour and producing small spherical and tubular vacuoles. The tubular 
elements always moved in linear fashion and having emerged from one vacuole 
"stretched" towards one another, or towards the septum, plasma membrane, or along 
the germ tube (Fig. 4.48). They were transient and usually retracted back to the 
vacuole of origin, becoming reabsorbed (Fig. 4.49). 
I igu re 4.48: 	onIociI imioe' of t\N U ncrm noted ,,pore ,, ((i I 	toe ) SllkM in s acuolar d now Cs. 
The middle cell vacuole transiently crosses the septum and contacts the apical cell vacuole. 
Tubular vacuolar elements in the middle cell appear to contact and possibly pass through the 
septal pore, making contact with the basal cell vacuole which is adjacent to the septum (159 mm) 
and 21 min later the basal cell vacuole has produced a tubular element that has moved towards to 
the plasma membrane. The position of the septa are marked with arrows. Numbers are min post 
hydration. Stained with cDFFDA. Imaged using a x40 objective. Bar = 5 gm. 
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Figure 4.49: Confocal image of a germinated conidium (GJ' 2 stage) showing the transient nature of 
a vacuolar tubular element. The images are 12 sec apart and collected at 3 h 36 min post hydration. 
The positions of the septa are marked with arrows. Stained with cDFFDA. Imaged using a x60 
objective. Bar = 5 pm. 
Vacuoles were never observed to produce more than one tubular vacuole 
simultaneously. Interestingly, these vacuolar elements appeared to be sensitive to 
laser irradiation, as they were less commonly observed during increased scanning by 
the confocal microscope laser. Small spherical vacuoles were observed to move 
between vacuoles, seeming to transiently fuse with one before returning to the other 
(Fig. 4.50). 
The vacuolar system was continuous between the germinated cell and germ tube. 
Tubular elements extended from the germinated cell into the germ tube over 
distances of up to 16 p.m and they were observed to retract rapidly, sometimes 
producing small spherical vacuoles (Fig. 4.51). There was usually a vacuole at the 
base of the germ tube which was most often transiently interconnected with other 
vacuolar compartments within the germinating cell, and from which the tubular 
elements and small spherical vacuoles that passed along the germ tube often 
originated. 
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Figure 4.50: Confocal images showing vacuolar dynamics of the three conidial cells in a germling 
at the GT 2 stage of germination. At 10 sec a small vacuole (arrow) emerges from the large middle 
cell (M) vacuole and moves towards the septum (arrowhead); at 40 sec it makes transient contact 
with the apical cell (A) vacuole via diffusely stained "wisps", after which it returns to the middle 
cell vacuole. The septa between the apical (A), middle (M) and basal (B) cells are indicated by 
arrowheads. The numbers are seconds after the first image, which was collected at 4 h post 
hydration. Stained with cDFFDA, Imaged using a x60 objective. Bar = 5 gm. 
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Figure 4.51: ( onbcal imaees ot a gru ing germ tube (GI , stage) sho ing vacuoar morpIiotog 
and dynamics. Tubular vacuolar elements interconnect vacuole compartments within the conidial 
cell and also extend into the germ tube. The numbers are min after the first image, which was 
collected at 2 h 40 min post hydration. Stained with cSNARF-l. Imaged using a x60 objective. 
Bar5 lam. 
During further germ tube extension (GT 3 stage) the vacuolar compartments that 
comprised the large groups of vacuoles observed at the GT 2 stage of germination 
became larger and more globular (Figs. 4.38, 4.52). These vacuoles have also been 
characterized within unstained conidia using DIC microscopy (e.g. Figs. 4.613, 4.7). 
As before, there was evidence from 3-D analysis that the vacuoles that comprised 
these groups were interconnected. They retained the dynamic characteristics 
described above, and in addition dynamic membrane-bound vacuolar inclusions were 
commonly observed when stained by FM4-64 or MDY-64 (Fig. 4.53). The dye FUN-
I has been reported to stain vacuolar inclusions (Haugland, 1999) and it stained small 
bright particles within conidia throughout germination (see Fig. 4.13, 
Section 4.2.3.3). A single large vacuole ultimately formed in each cell. It was 
comprised of one compartment, which filled the cell and was not dynamic 
(Fig. 5.54). These vacuoles were characteristically found in germlings that had 
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differentiated and sometimes in germlings with very long germ tubes. Very 
occasionally spores retained a more fragmented, small roughly spherical vacuolar 
system throughout germination. However, differentiated germlings were never 
observed without the vacuolar system being comprised of a large single vacuole in 
each cell. 
Figure 4.52: Confocal image of a germling at the GT 3 stage of germination, stained with the 
membrane dye FM4-64. Note the vacuoles (v) are clearly stained in the middle and basal cells and 
that in the middle cell the large vacuole is comprised of several subcompartments. Also note that the 
mitochondria (m) are stained in the germ tube and apical cell. The image was collected at 
8 h 25 min post hydration and the dye was added at 45 min post hydration. Stained with FM4-64. 
Imaged using a x60 objective. Bar = 5 pm. 
Figure 4.53: Confocal images of a germinated spore stained with the membrane stain MDY-64 
showing the vacuole membrane (vm) and other membrane bound structures (arrowheads) within the 
vacuoles. Imaged using a x60 objective. Bar = 5 pm. 
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Figuic 4.4. 	'iiu.d iiIlL Ui 	111iLjij1ld 	 anci 7 h pui h\draIIon. shoing that 
each cell is filled by one large vacuolar compartment. Stained with cDFFDA. Imaged using a x60 
objective. Bar = 5 Am. 
Those spores that exhibited the third ungerminated vacuole category (as described 
above, p1  52) exhibited little morphological change or dynamism during germination 
until the GT2 stage after which they became larger (Fig. 4.55). Note that where only 
one conidial cell exhibited this morphology, the vacuolar system of the other conidial 
cells behaved as described above (Fig. 4.55). 
Figure 4.55: Confocal images of an individual conidium during germination. At the UNG stage of 
germination the middle cell contained a large globular vacuole comprised of smaller spherical 
vacuoles. The morphology of the large globular vacuole changes little during germination and the 
vacuolar compartments in the other cells behave as described in the text. Stained with cDFFDA. 
Imaged using a x60 objective. Bar = 5 Am. 
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4.2.5.5 Apical vesicle cluster 
The membrane stain FM4-64 stained the apical vesicle cluster (AVC) in the growing 
germ tube tip (Fig. 4.56). The AVC occupied the extreme tip region extending 
approximately 0.5 p.m behind the germ tube tip, where it was asymmetrically 
positioned next to the substratum. 
Figure 4.56: Confocal images ol germ tube tips in which the apical vesicle cluster is stained. 
Stained with FM4-64. Imaged using a x60 objective. Bar = 5 tim. 
Studies indicated that the AVC changed position in the apical dome before a change 
in the orientation of germ tube growth (Fig. 4.57). There was no evidence of an 
unstained core region; however due to its very small size it would probably be 
beyond the resolving power of the confocal microscope, even if present. The AVC 
appeared to be very sensitive to laser scanning; a decrease in germ tube growth rate 
was accompanied by a change in the AVC shape to a thin crescent in the germ tube 
tip, which ultimately disappeared with the cessation of germ tube growth (Fig. 4.58). 
Figure 4.57: Cunlocal imaLes ot t%o different genii tubes in which the apical esicIe cluster is 
stained. The apical vesicle cluster appears to change position as the germ tube changes its direction 
of growth. The numbers are min after the first image. Stained with FM4-64. Imaged with a x60 
objective. Bar = 5 [Lm. 
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Figure 4.58: Confocal images of a growing germ tube in which the apical vesicle cluster is stained. 
Note that concomitant with germ tube growth slowing, the apical vesicle cluster becomes crescent 
shaped (165-181 mm) and then disappears, and the germ tube stops growing (181 mm). The times 
are min after the first image (0 mm), which was collected at 8 min post dye and 5 h 20 min post 
hydration. Stained with FM4-64. Imaged using a x60 objective. Bar = 2 gm. 
4.2.5.6 Peripheral spots 
Brightly fluorescent spots were labelled by FM4-64. They were always located in the 
periphery of the germ tube and so will be referred to as peripheral spots (PS). The 
following observations were made. 
. A number of fluorescent dyes with different staining affinities stained the PS to 
different degrees but the most consistent and brightest stain was FM4-64 (Table 
4.3. Fig. 4.59). 
• They are present throughout germination but are most dense during the EGT—GT 2 
stage of germination (up to 19.4 ± 3.5 gm along the germ tube from its base; 
n = 14) (Fig. 4.60). 
• They cover the germ tube and appear less dense at the substratum interface, where 
they are often absent (Fig. 4.61). 
• They are produced at the germ tube tip, and are commonly observed to arise in 
pairs. After they are produced. PS do not change their position on the plasma 
membrane (Figs. 4.62, 4.63). 
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Figure 4.59, . oi -iio cld iiitc. ol gerii I 1ube iii . hicli the peripheral Spots has e been stained with a 
range of dyes: (A) FM4-64, (B) cFDA, (C) cDFFDA, (D) FITC-dextran (10 Wa), (E) MDY-64. 
Note that FM4-64. cFDA and cDFFDA do not stain the GTM. x60 (A, C—E) and x40 (B) 
objectives used. Bars = 2 tim. 
• They do not change in size as the germ tube extends but size varies between 
individual PS (Fig. 4.62). Although variation in the size of PS was observed, they 
were generally -0.4 .tm in diameter when stained with FM4-.64 and MDY-64. 
They often appear to be marginally smaller than this when stained with other dyes 
shown in Table 4.3, and in particular with cFDA and cDFFDA (Fig. 4.59). 
• Germ tubes produce PS on hydrophobic substrata (Teflon TM) , hydrophilic substrata 
(heat treated CS) and the intermediate detCS (Fig. 4.64). 
• They are extracellular. This was confirmed by the observation that the PS stained 
immediately on addition of FM4-64 to the external solution, and prior to the 
plasma membrane (which will always become stained before any internal 
structures are stained because FM4-64 is a membrane stain), (Fig. 4.65). The 
position of the PS relative to the cell wall was not determined (i.e. outside of the 
cell wall or within the periplasmic space), however, their size suggests that they 
must be, at least in part, outside of the cell wall. Note that although on occasions 
the PS appeared to be within the germ tube, that this is expected because of the 
small size of the germ tube relative to the depth of the optical sections: the germ 
tube is —1 .5 gm in diameter and has a rounded shape (e.g. Fig. 3.9C, 
Section 3.2.5.2), and since the z-resolution (with a x60 oil objective) is —0.8 p.m. a 
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median section through a germ tube would be expected to contain regions of the 
plasma membrane from the upper part of the optical section, and these would then 
appear as being located within the germ tube. 
. Similar PS were also stained at the substratum interface of appressoria (Fig. 4.66). 
Figure 4.0: (. uiilocal uriages ol germ LUes produced b spores at dillereiii stages 0! .eFI1Hflittl0fl 
showing the peripheral spots. Generally peripheral spots are not present in the later stages of germ 
tube extension (GT 1 ), but in some germ tubes they continue to be present (F). Note that (A) is 
stained with MDY-64 and (B—F) are stained with FM4-64. Imaged using a x60 objective. 
Bar =5 ,Lm. 
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Figure 4.61 Conhical Images ol 3 different optical sections through a germ tube showing the 
distribution of the peripheral spots (PS), (A) is furthest from substratum and shows that the PS 
appear to coat the upper side of the germ tube, (B) is a median optical section and (C) is next to the 
substratum and shows that they appear to be absent in the region that the germ tube is in direct 
contact with the surface. Stained with FM4-64. Image collected at 3 h post hydration and the dye 
was added 5 min prior to collecting the image. Imaged using a x60 objective. Bar = 5 pm. 
Figure 4.62:Confocal images of a growing germ tube showing that peripheral spots (arrows) are 
produced at the tip of the germ tube and do not move from their position at the plasma membrane. 
Numbers are min after the first image (0), which was collected at I h 2 min/10 min post 
hydration/dye. x60 objective used. Bar = 2 pm. 
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Figure 4.63: Positions of 18 peripheral spots during 60 min of germ tube growth. The distance is 
measured from the base of the germ tube and measurements were taken from images in which the 
germ tubes were stained with FM4-64 and imaged with a x60 objective. 
Figure 4.64: Contbcal iniages of three diffi.rent germ tubes showing that peripheral spots are 
produced by germ tubes on (A) Teflon TM , a highly hydrophobic substratum, (B) detCS, a moderately 
hydrophobic substratum, and (C) heat-treated CS a hydrophilic substratum. Stained with FM4-64. 
Imaged at (A) 4 h/I min and (B, C) 4 h 20 min/3 min post hydration/post dye. Imaged using a x60 
objective. Bar = 5 rim. 
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- 
Figure 4.65: Confocal images of a germ tube stained by the dye FM4-64, and showing that the 
membrane-associated spots (arrows) stain before the plasma membrane. Numbers are sec post dye, 
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Figure 4.66: tontocal images 01 tour appressoria stained 	ith P%14-64 shov. ing that there is 
evidence that peripheral spots are also present at the substratum interface of appressoria. imaged 
using a x60 objective. Bar = 2 gm. 
4.2.5.7 Mucilage associated with conidia during germination 
Spore tip mucilage (STM) and germ tube mucilage (GTM) were imaged by DIC light 
microscopy (Figs. 4.1, 4.4). A number of dyes with different staining affinities were 
observed to stain STM and GTM (Fig. 4.67). The results are summarised in Table 
4.3. 
ure 4.67: 4.67: Confocal images showing examples of spore tip mucilage (STM) (white triangle) and 
mucilage associated with the germ tube (GTM) (black, white edged triangles), stained by (A, B) 
FM4-64 which only stains SYM, (C, 0) MDY-64, which in this case only stains STM, but is also 
often observed to stain GTM. (F) Lucifer Yellow CH and (C) F1TC-dextran (10 kDa) stain both the 
STM and GTM very brightly and (H) FUN-] which does not stain the STM. Note that (0) and (H) 
have an accompanying bright field image. Imaged using x60 (A—D) and x40 (E—H) objectives. 
Bars =2 pm. 
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Dye STM GTM PS Staining affinity 
Lucifer Yellow CH + + - aliphatic aldehydes 
FITC-dextran + + + proteins (pH-sensitive fluorescence; pH 5-8) 
cSNARF-i AM + - - esterase activity (pH sensitive fluorescence) 
FM4-64 + - + lipophilic: including membranes and lipoproteins 
MDY-64 + + + membranes 
Nile red + + + lipid 
cFDA - - + esterase activity (pH sensitive fluorescence) 
cDFFDA - - + esterase activity (pH sensitive fluorescence) 
FUN-1 - + - vacuolar inclusions in metabolically active cells 
Table 4.4: A range of dyes stained the spore tip mucilage (STM), germ tube mucilage (GTM) 
and/or peripheral spots (PS). The degree of staining varied, but was unaffected by the stage of 
germination. MDY-64 sometimes stained the GTM. The information presented in the table was 
obtained from: Stewart. 1981; Butt ci al., 1989; Oparka & Read, 1994; Beta el al., 1996; Haugland, 
1999. 
4.2.5.8 Storage compounds: glycogen 
Glycogen was stained by the PAS technique using Lucifer Yellow CH as the 
fluorescent reporter, and then imaged by confocal microscopy (See Section 2.7.3.1). 
Tests were carried out to assess whether the staining observed originated exclusively 
from Lucifer Yellow CH-bound glycogen, or from either (a) unbound dye that had 
not been washed out of the cells, or (b) cellular autofluorescence caused by exposure 
of the cells to the acid used in the PAS reaction. There was no evidence that 
fluorescence originated from either of these sources. 
In ungerminated conidial cells the entire cytoplasm was stained, with a central region 
of intense fluorescence indicating that these were rich in glycogen (Fig. 4.68). These 
regions were most abundant within the B- and M-cells, in which they were centrally 
located. The A-cell contained a smaller region of intense staining and in some cases 
exhibited very little staining at all. The brightly fluorescent regions within the M- and 
B-cells contained negatively stained spherical and sometimes tubular regions. During 
DIC imaging, a uniform region within the centre of the cell was identified that had a 
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pitted appearance, sometimes with tubular structures running though it. This region 
in the cell corresponds to the glycogen staining observed here. In germinated conidia 
the general pattern of staining was the same as in ungerminated conidia, but the 
fluorescence was commonly not as intense in the central region (Fig. 4.69). 
I igui - e 4.6S. 	ii(al 	 opliLal 	 tliugli ciii uilclniiijatLi L()i]ILIILIIII 	111111 
post hydration) in which glycogen has been stained. The staining is generally much less intense 
within the apical cell, and in the middle and basal cells there is typically a large central region of 
intense staining. Note the negatively stained regions in the middle cell. Stained by the PAS 
technique, using Lucifer Yellow CH. Imaged using a x60 objective. Bar = 5 gm. 
Figure 4.69: Contocal images.ho fflg 10 dilicrent optical scctions through a germinated 
conidium (I h 45 min post hydration) in which glycogen has been stained. Note that the staining is 
characteristically less intense in germinated spores compared to ungerminated spores (cf. Fig. 4.68). 
Stained by the PAS technique, using Lucifer Yellow CH. Imaged using a x60 objective. Bar = 5 gm. 
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4.2.5.9 Storage compounds: lipids 
Attempts were made to stain lipid bodies in ungerminated conidia using the 
lipophilic stains Nile red. FM4-64 and MDY-64. Only diffuse fluorescence was 
visible after live conidia were incubated in Nile red for 30 mm. 
Figure 4.70: Confocal images of two ungenninated conidia that were killed by desiccation, and 
then stained with the lipophilic dyes (A) MDY-64 or (B) FM4-64. Brightly fluorescent large spots 
are characteristically stained in all three cells that could be lipid bodies. Imaged using a x60 
objective. Bar = 5 rim. 
Desiccated spores were stained with FM4-64 and MDY-64 (see Section 2.7.3.2). A 
minimum of 20 conidia were analysed for each dye. Both dyes were able to cross the 
plasma membrane and enter the cytoplasm, rather than being restricted to staining the 
endomembrane system (1-laugland, 1999). The conidial cells were brightly stained 
with some more diffuse fluorescence that probably originated from the localisation of 
the dye into membranous cellular elements. Spherical structures of various sizes were 
also stained and the dense, even nature of the staining suggested that the structures 
were non-membranous and thus likely to be cellular inclusions containing lipid 
(Fig. 4.70). These spheres were commonly located in the corner of cells between the 
septa and plasma membrane within the M- and B-cells. Smaller stained spheres were 
located around the periphery of the cells and within the A-cell, which rarely 
contained large spheres. 
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4.3 DISCUSSION 
The nuclear, mitochondrial and vacuolar system organization and dynamics were 
imaged in live comdia and germlings. Attention was paid to optimising the imaging 
conditions with respect to the dyes used, the dye concentration and the confocal 
microscope settings, and also with respect to the artificial substratum used for the in 
vitro system (Section 3.2.2). However, even when optimised, there was variation 
between spores with respect to how resilient they were, and so care had to be taken to 
distinguish between organelle changes in morphology and position that are part of the 
normal developmental stages of germination, and those changes induced by confocal 
imaging. In this study several changes in organelle position and morphology were 
symptomatic of perturbation from over-exposure to the laser: for example the 
mitochondria spontaneously retract from the growing germ tube tip, cells become 
rapidly vacuolated, and the apical vesicle cluster changes shape or even disappears. 
Thus, even though the conditions were optimised, the data had to interpreted with 
some caution and in the context of the in vitro system. 
4.3.1 Nuclei 
The problems encountered in confocal imaging of nuclei in live cells during 
germination meant that a population analysis had to be performed. The results were 
supported by observations of live conidia during germination made by DIC 
microscopy analysis. The conidium usually contained three nuclei, each cell being 
uninucleate. In other species, the spore nuclei are roughly spherical and usually 
centrally situated within the cell (Hawker & Abbot, 1963; Delvecchio, et al., 1969; 
Gull & Trinci, 1971; loch & Staples, 1983; Mims et al., 1988, 1997; Van Dyke & 
Mims, 1991; Roberts et al., 1996; Mollicone & Longcore, 1999). In M grisea the 
nuclei were also roughly spherical, but the B- and M-cell nuclei were rarely centrally 
situated in the cell. The position of the M- and B-cell nuclei changed during 
germination; they moved towards the longitudinal axis of the conidium, often 
remaining near the B-septum. The A-cell nucleus was centrally positioned within the 
cell throughout germination, sometimes moving towards the base of the germ tube 
during the latter stages. Nuclear migration only occurred during the latter stage (GT3) 
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of germination, at which stage the germ tube is often developing an appressorium. 
During migration, the nucleus became elongated in order that it could fit the narrow 
germ tube; this has also been observed in other species during nuclear migration 
within germ tubes (Hawker & Abbot, 1963; Van Dyke & Minis, 1991). A summary 
of nuclear distribution and dynamics is shown in Figure 4.71A. 
Germinated cells of M grisea stained with DAPI have been reported to have a single 
brightly fluorescent spot associated with the nucleus (Bourett & Howard, 1990). In 
this study, cytoplasmic spots were brightly stained by the dye SYTO 12 which stains 
both RNA and DNA, and there was evidence that they might be associated with the 
nucleus. On the basis of these findings it is unclear what these structures are. 
There was no evidence that nuclear division occurred during germination; in cases 
where the nucleus had migrated along the germ tube during the latter stage (GT3) of 
germination, the germinated cell had no nucleus. Bourett & Howard (1990) analysed 
the nuclear cycle during germination and differentiation using DAPI in fixed cells. 
They reported that the nucleus in the germinated cell migrated to the proximal end of 
the germ tube where nuclear division occurred and one nucleus then returned to the 
conidium. However, Bourett & Howard (1990), analysed germlings that were 
differentiating, and the analysis here was restricted to the stages of germination 
before appressorium formation. 
The conidia of N. crassa can contain different numbers of nuclei, and the number in a 
spore cell is often observed to increase during or just before germination (Schmit & 
Brody, 1976; Maheshwari, 1999). The number of nuclei observed in M grisea 
conidia was constant throughout germination. On only one occasion were two nuclei 
observed within a single cell of an otherwise normal conidium. Multinucleate 
conidial cells have been previously reported in M grisea, although it has been 
suggested that the nuclear stains used were also staining other cellular components 
such as lipid (Ou, 1980b). Subsequent TEM and fluorescence microscopy studies 
have found the cells to be uninucleate (Bourett & Howard, 1990). 
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Figure 4.71: Schematic summary of the main features of the organization and distribution of 
(A) nuclei, (B) mitochondria, (C) vacuolar system, and (D) the peripheral spots and apical vesicle 
cluster in conidia during germination. Bar = 10 gm. 
4.3.2 Mitochondria 
It was possible to image mitochondrial morphology and dynamics within live conidia 
during germination. A summary of mitochondrial distribution and dynamics is shown 
in Figure 4.7 lB. The morphology of mitochondria in the germlings of M grisea has 
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not been described previously, although they have been shown to be spherical and 
elongated in appressoria in which they occupy the periphery of the cell (Bourett & 
Howard, 1990). Mitochondria in conidia and germlings were observed in this study 
to be either spherical/rod shaped or elongated and often branched. As germination 
proceeded the conidial cell that produced the germ tube was occupied by increasingly 
numerous and elongated mitochondria which were polarised towards the growing 
germ tube, and extended into it. Mitochondria were primarily peripherally located 
within the M- and B-cells and seemed to be centrally located within the A-cell and 
germ tube, although the narrowness of the germ tubes did not allow the location of 
the mitochondria to be readily determined by optical sectioning. However, this 
interpretation has been confirmed by previous TEM studies in which mitochondria 
were found to be numerous in the median sections of germ tubes (Bourett & Howard, 
1990). Both spherical and elongated mitochondria have been observed previously 
during ultrastructural studies of the ungerminated spores of other fungal species, (e.g. 
Mollicone & Longcore, 1999; Gull & Trinci, 1971; Mims et al., 1988). The increase 
in elongation and number of mitochondria during spore germination has also been 
described in ultrastructural studies of spores of other species, and elongated 
mitochondria have been observed in some species to be orientated parallel to the 
longitudinal axis of the spore cells (e.g. Hoch & Staples, 1983; Roberts et al., 1996). 
As in the fungal hypha, this elongated morphology is probably an adaptation to 
polarised growth (Markham, 1995). The fact that ungerminated cells (i.e. that do not 
exhibit polarised growth) contained a higher proportion of small mitochondria than 
elongated ones, would support this hypothesis. The growing tip of the germ tube is 
the most active region of the germling and will require substantial amounts of energy. 
An increase in the number of mitochondria, and in the amount of mitochondrial 
membrane, will increase the cell's ability to synthesize ATP. It should be noted that 
elongated mitochondria are not a prerequisite for germ tube growth. For example, the 
mitochondria of Uromyces remain smooth and near-spherical throughout germination 
(loch & Staples, 1983). 
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The dynamism of mitochondria in fungal hyphae is well documented, and they are 
recognised to be motile organelles, which are able to fuse and fragment (Steinberg, 
1998). In this study, mitochondria were observed to be dynamic in all three conidial 
cells, but were most dynamic within the germ tube. Small spherical, rod-shaped and 
elongated mitochondria were present within the germ tube, and were all dynamic, 
exhibiting, bidirectional motility up to and from the apical region of the germ tube. 
Evidence was obtained that fragmentation and fusion events occurred within the 
mitochondrial population. There was also evidence that mitochondria extended 
across the septa, although the size and close association between mitochondria made 
it difficult to resolve the precise details of this. 
Variation was observed between the different conidial cells, especially between 
germinated and ungerminated cells. The former contained principally elongated 
mitochondria that were polarised towards the growing germ tube, and the latter often 
contained small mitochondria typical of all three cells in an ungerminated conidium. 
Sometimes, however, the ungerminated cells in a germling also contained elongated 
mitochondria that exhibit some polarisation towards the growing germ tube. It was 
shown previously (Section 3.2.7) that there are two modes of germination: a 
conidium produces either a single germ tube or two slightly slower growing from 
both the A- and B-cells. One explanation for the variation observed in mitochondria 
morphology during germination could be that those conidia that contain elongated, 
polarised mitochondria in all three cells are directing the resources of the entire 
conidium to the production of one germ tube, and those that have, for example 
germinated from the A-cell and have a B-cell with mainly small spherical/rod shaped 
mitochondria, will subsequently produce a second germ tube from the B-cell. 
Rhodamine 123 stained the mitochondria in germinated cells more intensely than 
ungerminated conidial cells, and in ungerminated conidia both Rhodamine 123 and 
DIOC6 stained mitochondria in the A-cells more brightly. Both these dyes are 
mitochondrion-selective dyes that cross the mitochondrial membrane as a function of 
its membrane potential (Haugland, 1999; Butt et aL, 1989). These observations 
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provide evidence that the mitochondria are most active in the germinated cell, and 
that before germination the A-cell exhibits a higher degree of mitochondrial activity. 
As this was not observed in B-cells of ungerminated conidia it seems unlikely to be a 
diagnostic feature of the cell that is going to germinate, but could instead be one of 
the reasons why a higher proportion of the population germinate from the A-cell. 
Evidence was obtained that the mitochondria near to the substratum were more 
intensely stained in ungenninated and germinated spores. Potential artefacts due to 
photobleaching were controlled for by optically sectioning in both directions (away 
from, and towards the surface), and problems of signal attenuation are unlikely 
because other dyes did not exhibit significant changes in signal intensity between the 
upper and lower optical sections. The apparent asymmetry in mitochondrial activity 
within the spore supports the hypothesis that the spore senses the surface (Read et al., 
1992). However, experiments in which samples were inverted, stained with other 
dyes (including mitochondrial stains which are not membrane potential dyes), and 
inoculated onto different substrata (in order to rule out any concentration of the dye 
at the substratum interface) are required to confirm these observations. 
4.3.3 Vacuolar system 
The vacuolar system of fungal spores has been reported in ultrastructural studies to 
be comprised of a range of morphological types, including small spherical, elongated 
and interconnected, elongated and branched (loch & Staples, 1983; Mims et al., 
1988, 1997; Van Dyke & Mims, 1991). Previously, in agreement with the results 
described here, TEM studies of M grisea conidia have identified two components of 
the vacuolar system within conidial cells and germ tubes: one consisting of branched 
cistemae, and another of irregular size and shape and sometimes containing inclusion 
bodies (Bourett & Howard, 1994). The former was reported as having a diameter of 
0.2 gm and could correspond to the tubular elements observed here. The latter could 
encompass the vacuoles that were neither large and globular, or tubular. A third type 
of vacuole was identified in the ungerminated cells of germlings and was comprised 
of "series of interconnected subspherical bodies" which sometimes contained 
inclusion bodies (Bourett & Howard, 1994). This vacuolar type was also observed in 
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this study, primarily after the germ tube had grown for some distance or had begun to 
differentiate (GT3 stage of germination). In the TEM analysis, the vacuolar types 
were not observed to interconnect as they did here, and they were described as 
existing "in a continuous cytoplasm without any apparent connection" (Bourett & 
Howard, 1994). 
A summary of vacuolar distribution and dynamics is shown in Figure 4.71C. The 
vacuolar system exhibited the most dynamism of the organelles studied here. In 
particular, tubular vacuoles and small vacuoles extended and retracted, and moved 
within the conidial cytoplasm and along the length of the growing germ tube. They 
were observed to interconnect different vacuolar compartments either transiently or 
during fusion events, and to pass through septa. The continuity of the vacuolar 
system between conidial cells provides evidence that the ungerminated comdial cells 
support the growth of the germinated cell, perhaps by delivery of breakdown 
products of glycogen or lipid. Tubular vacuoles were previously reported in the 
hyphae of a range of fungi (Rees et al., 1994; Hyde & Ashford, 1997; Cole et al., 
1998) and it has been proposed that the tubular components of the hyphal vacuolar 
system are "involved in longitudinal transport of accumulated materials, in particular 
of nitrogen and phosphorous compounds" (Ashford, 1998). Furthermore, vacuoles 
are the sites of protein degradation and recycling, acting as the storage site of 
important metabolites, such as amino acids. They also play an important role in 
osmoregulation; and might also be important in cytoplasmic ion (e.g. Ca 2 ), and pH 
regulation (Klionsky et al., 1990). The fact that a vacuole may extend and retract into 
the germ tube would allow it to fulfil its functions without requiring the production 
of vesicles and thus membrane recycling (Ashford, 1998). 
The large central vacuoles observed in yeast cells have a similar morphology to those 
described here in conidia at the GT 2 and GT3 stages of germination (Weisman & 
Wickner, 1988). There is evidence that yeast cells undergo a cyclic pattern of vacuole 
fragmentation and these vacuolar morphologies in yeast cells are very similar in 
appearance to those observed here in the early stages of germination. It has been 
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suggested that the fragmented vacuoles in yeast cells might represent a physiological 
intermediate in vacuole biogenesis (Klionsky et al., 1990) and in M grisea the 
smaller vacuoles certainly precede and contribute to the final large globular vacuoles. 
A fragmented vacuolar morphology has been observed both in yeast cells in which 
the microtubules were disrupted and in mutants for a gene that encodes what appears 
to be an element of the cytoskeleton (Guthrie & Wickner, 1988; Wada & Anraku, 
1992; Wada et al., 1992). In hyphae of kinesin-deficient mutants of Ustilago maydis, 
the vacuolar system was comprised of small spherical vacuoles rather than the large 
vacuoles of the wildtype (Steinberg et al., 1998). It was shown here that smaller 
vacuoles fuse to form large vacuoles during development of a germling and it is 
likely that that in M grisea cytoskeletal elements such as kinesin and microtubules 
are important in the fusion of smaller vacuolar compartments. 
The vacuolar system increases in size during germination and although fusion was 
observed between vacuolar compartments, this mechanism cannot solely account for 
observed growth of the vacuolar system because the amount of vacuole within 
ungerminated conidia was too small to account for the number of large globular 
vacuoles in the latter stages of germination (GT 2—GT3); indeed in some extreme 
cases the vacuolar system was only comprised of a few small spherical bodies. The 
intracellular mechanisms by which this vacuolar growth occurs are poorly 
understood. However, in yeast cells there is evidence that growth of the vacuolar 
system involves de novo vacuolar biosynthesis and endocytosis (Klionsky et al., 
1990). 
There is evidence that the vacuolar system increases in volume during spore 
germination in other filamentous fungi (e.g. Buckley et al., 1966; Gull & Trinci, 
1971; loch & Staples, 1983; Van Dyke & Mims, 1991; Steinberg et al., 1998), and 
that the subapical regions of fungal hyphae become more vacuolated as the cytoplasm 
migrates forward with the growing tip (Markham, 1995; Hyde & Ashford, 1997; 
Cole et al., 1998; Heath & Steinberg, 1999). Here, the vacuolar system became larger 
as the germ tube extended, and by the stage of differentiation was commonly one 
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large compartment that filled the cell. A function of this large vacuole could be to fill 
the space that the cytoplasm initially occupied in the ungerminated conidium. This 
would be predicted to be energetically more favourable than synthesising new 
cytoplasmic components and leaving the original cytoplasm behind (Heath & 
Steinberg, 1999), and thus a likely mechanism in a spore that has limited resources; 
and one that is able to complete the pre-penetration stage of infection in the absence 
of external nutrients. 
The vacuolar system also plays a role in osmoregulation (Klionsky et al., 1990). In 
M grisea the A- and B-cells have a consistently higher turgidity than the M-cell 
throughout germination (Money & Howard, 1996). The vacuolar system might be 
responsible for controlling the differences in turgidity, which could reflect 
differences in the vacuolar compartments within each cell. , Larger vacuoles only 
permanently fused within a cell, never between cells. Biochemical differences 
between the vacuoles in different cells could be maintained in each cell, with tubular 
and small spherical elements enabling controlled transfer of components. The 
conidial septa are open after the germ tube has emerged and there was evidence in 
this study that both components of the vacuolar system and mitochondria are able to 
pass through the septum. This is supported by TEM studies which show unoccluded 
open septal pores in the conidia of M grisea (Money & Howard, 1996). The 
mechanism by which the conidium maintains differences in turgor up to 0.4 MPa 
with open septa is unknown (Money & Howard, 1996). 
Another possible function served by the fusion of smaller vacuoles to ultimately form 
one large vacuole is to provide membrane for recycling to the growing tip and 
appressorium. One predicted outcome of change from numerous small to medium 
vacuoles to one large smooth compartment might be that the surface to volume ratio 
of the vacuolar system is reduced. The excess membrane could be transported to the 
growing tip to be incorporated into the growing germ tube tip, or the developing 
appressorium. Transport could be by either the tubular vacuolar elements or as 
vesicles. Furthermore, glycerol is a major subcomponent of phospholipids. The 
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appressorium has been demonstrated to derive its invasive force solely from turgor 
pressure (Howard et al., 1991; Money & Howard, 1996), which is achieved by 
accumulating osmolytes such as glycerol in the cytoplasm during germination and 
germ tube growth (de Jong et al., 1997). A possible source of glycerol is from the 
autolysis of internal membranes (de Jong et al., 1997) and these might be supplied by 
the fusion of smaller vacuoles. This is supported by the evidence suggesting that the 
vacuoles in M grisea comdia might degrade membranous components: internalized 
membranous inclusions were imaged here using MDY-64 and FM4-64 during the 
later stages of germination, and FUN-i stained vacuolar inclusions throughout 
germination (Section 4.2.5.4). Furthermore, vacuolar inclusions were observed 
during a TEM study of M grisea germlings (Bourett & Howard, 1994). 
4.3.4 pH measurement in M. grisea 
The role of internal pH in regulating tip growth has received considerable interest, 
and there is strong evidence that in N crassa at least, pronounced cytoplasmic pH 
gradients are not essential for the regulation of tip growth (Parton et al., 1997). A 
recent publication reported that the intracellular cytosolic pH within growing germ 
tubes of M grisea did not change or exhibit any pronounced gradient during 
germination, germ tube growth or differentiation (Jelitto, 1999). It was found here 
that, as in several other systems (Parton et al., 1997), the vacuolar system sequestered 
the pH dye cSNARF-i (Fig. 4.51), and that the conidial cells and germ tubes are 
densely packed with dynamic organelles, such as mitochondria (Fig. 4.71). It is clear 
from the organelle data described in this study that Jelitto (1999) could not have 
consistently discriminated between cSNARF- 1 signal emanating from the cytosol and 
that from organelles within the germ tube. Thus the conclusions drawn by the author 
regarding cytosolic pH need to be treated with scepticism. 
4.3.5 Glycogen and lipid reserves 
Spores are able to undergo the pre-penetration stage of infection in the absence of 
external nutrients, suggesting that they contain considerable energy reserves. Lipid 
and glycogen have been previously identified in TEM studies of conidia, germlings 
and appressoria of M grisea (Money & Howard, 1996; Howard & Ferrari, 1989; 
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Bourett et al., 1993). Evidence was obtained that the conidial cells are packed with 
glycogen at the UNG stage and that in germinated spores glycogen was still generally 
distributed throughout the conidial cells but that it stained less intensely. This finding 
might indicate that some glycogen had been utilized during germination, and this is 
supported by the findings of Thines et al., (2000) who reported that glycogen is 
rapidly degraded during germination and then accumulates in the incipient 
appressorium. In a number of species there is evidence that lipid is broken down 
during germination (Maia et al., 1994; Maxwell et al., 1977; Schadeck et al., 1998). 
Attempts to image lipids in living cells using Nile red proved unsuccessful but some 
success was achieved using lipophilic dyes in permeabilised cells. This technique has 
limited applications as it requires that the conidia are killed, but does appear to stain 
lipid bodies in the cell. Lipid bodies have been observed in ultrastructural studies of 
conidia, and as observed here, were present in the corners between the septa and 
plasma membrane (Money & Howard, 1996). 
4.3.6 Apical vesicle cluster 
The apical vesicle cluster (AVC) was imaged within growing germ tubes and was 
positioned near the underlying substratum. In fungal hyphae the AVC (or 
Spitzenkorper) is comprised of an accumulation of secretory vesicles that contribute 
to tip growth and displays characteristic behaviour in keeping with this function 
(Section 1.4.5). The AVC of M grisea has been previously imaged by TEM (Bourett 
& Howard, 1990) but due to its small dimensions has not been characterized within 
living cells. It was observed here to behave in the manner expected of a vesicle 
cluster within a hypha, and this is consistent with it playing a role in apical extension 
of the germ tube. 
4.3.7 Peripheral spots 
The germ tubes of M grisea have been previously demonstrated to have both 
carbohydrates and proteins associated with them (Xiao et al., 1994a). In this study 
extra-cellular peripheral spots (PS) were found to be stained by a number of different 
dyes but their precise nature was not determined (Fig. 4.71E). They were not detected 
during SEM or DIC imaging. They do not appear to be associated with mucilage 
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production because dyes that stained mucilage associated with the germ tube (GTM) 
did not always stain the spots, even though it was clear from the MDY-64 staining 
that the spots are located within the GTM (Fig. 4.59E). Two other possible 
extracellular components of the germ tube that they could be associated with are 
either the production of hydrophobins, and/or enzymes. Whilst hydrophobins have 
been demonstrated in a range of fungi, little is known about the mechanism by which 
they are produced (Wessels, 1996, 1997). PS were produced at the apical tip near the 
AVC and it is possible that they are comprised of a membrane surrounding some 
extracellular compound secreted at the growing tip, because the membrane-selective 
dyes FM4-64 and MDY-64 produced the brightest and largest stained area for each 
PS of all the dyes assessed (Table 4.3). This could be explained if the PS were 
bounded by a membrane: the membrane-selective dyes FM4-64 and MDY-64 would 
stain the surrounding membrane and possibly the contents, whilst the other dyes 
would only to stain only the latter. 
The finding that cFDA and cDFFDA stained the PS suggest that they are associated 
with some extracellular enzyme with esterase activity, since both are essentially 
nonfluorescent until it is de-esterified to fluorescein (Oparka & Read, 1994; 
1-Jaugland, 1999). There is convincing evidence that some fungal pathogens produce 
extracellular enzymes in order to weaken the host surface and so aid the process of 
penetration (Howard, 1997; Hamer & Holden, 1997). Esterase activity has been 
localised within mucilage associated with the spores of Erisyphe graminis 
(Nicholson & Morales 1980; Nicholson et al., 1988) and the uredospores of 
Uromyces viciae-fabae have been demonstrated to produce serine esterases 
(including one with cutinase activity) that promote spore adhesion (Deising et al., 
1992). Although there is evidence that M grisea is able to penetrate the host solely 
by physical force (Howard et al., 1991) this could be facilitated by extracellular 
digestive enzymes (e.g. cutinases) produced by the fungus. M grisea has been 
demonstrated to possess a gene that encodes a cutinase, and although it is not 
essential for pathogenesis the production of cutinase might aid infection in a number 
of other ways (Sweigard et al., 1 992a;b). In addition to being involved in the 
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degradation of host surface polymers, extracellular enzyme production could also aid 
adhesion, and play a role in host-pathogen signalling (K011er, 1991; Howard, 1997; 
Hamer & Holden, 1997). 
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DURING CONIDIAL GERMINATION 
5.1 INTRODUCTION 
There is increasing evidence for the occurrence of endocytosis within filamentous 
fungi and it is thought that it could play a central role in hyphal tip growth (Ashford, 
1998; Hoffman & Mendgen, 1998; Fischer-Parton et al., 2000; Read & Hickey, 
2000). Although there is evidence that germ tubes of some filamentous fungi 
endocytose (Hoffman & Mendgen, 1998; Fischer-Parton et al., 2000), there have 
been no such studies on spores of filamentous fungi. It has been proposed that 
endocytosis in fungal cells could play important roles in the detection of signals from 
the host, internalization of nutrients, and in polarised tip growth (Fischer-Parton et 
al., 2000; Read & Hickey, 2000). Such processes could be important during the pre-
penetration phase of infection and the latter is crucial for successful infection of the 
host. The principal objective of the research described in this chapter was to 
establish whether the conidia of M grisea undergo endocytosis during germination. 
Useful methods for investigating the occurrence of endocytosis in live cells involve 
the application of endocytic markers such as Lucifer Yellow CH, FITC-dextran or 
FM4-64, which can be imaged by fluorescence or confocal microscopy. The uptake 
of these dyes has been characterized within animal, plant and yeast cells, and to some 
extent in fungal hyphae, but never in germinating fungal spores (Hawes et al., 1995; 
Ashford, 1998; Fischer-Parton et al., 2000). The first aim of this study was to 
determine whether any of these dyes were internalized by conidia during germination 
and to characterize that uptake. Endocytosis is an energy-dependent process and as 
such is expected to be arrested by inhibitors of energy production, such as sodium 
azide and exposure to low temperatures (Vida & Emr, 1995). The second aim of this 
study was to examine the influence of these inhibitory treatments on the 
internalization of endocytic markers by conidia of M grisea during germination. 
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The order in which cellular components are stained by a fluorescent marker of 
endocytosis will in theory allow one to map the vesicle trafficking network. In 
practice the size of the cellular components (in particular the vesicles) coupled with 
the resolution of the confocal microscope, can be limiting factors (Fischer-Parton et 
al., 2000). The third aim of this study was to characterize the sequential staining of 
different organelles by an endocytic marker and identify components of the vesicle 
trafficking network involved during conidial germination. 
5.2 RESULTS 
5.2.1 Internalization of endocytic markers 
The principal dyes utilized in this study were Lucifer Yellow CH and FITC-dextran 
(10 kDa), both of which are reported to be markers of fluid phase endocytosis 
(Hawes et al., 1995; Ashford, 1998), and the membrane selective stain FM4-64 (see 
Table 2.2, Fig. 2.2 in Section 2.7). All three dyes were internalized by germlings 
(Fig. 5.1). Lucifer Yellow CH and FITC-dextran both appeared to be localised within 
the vacuolar system (Fig. 5.1 A,B), and FM4-64 stained the membranes of a number 
of cellular components, including components of the vacuolar system (Fig. 5.1C). 
5.2.2 An assessment of inhibitors of endocytosis 
To investigate whether these three dyes were internalized by endocytosis or by some 
other mode of entry into the conidial cells, two treatments were assessed as inhibitors 
of dye internalization. The treatments were cooling of conidia to 4 °C, and exposure 
to the metabolic inhibitor sodium azide (see Section 2.13). The dye FM4-64 was used 
for this experiment because it produced the most intense signal of the three endocytic 
dyes used in this study (e.g. Fig. 5.1C). 
Comdia were incubated at 24 °C, 7 °C and 4 °C in the presence of FM4-64. The 
degree of dye internalization was qualitatively assessed. At 24 °C, conidia 
internalized significant amounts of dye within 35 min post dye (Fig. 5.2A). Loading 
the dye at 7 °C significantly inhibited this uptake (Fig. 5.2B), and loading at 4 °C 
resulted in almost complete inhibition (Fig. 5.2C). 
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Figure 5.1: Confical images o 	ermIings stained 	iii the endocvtic markers (A) Lucifer 
Yellow CH. (B) FITC-dextran (10 kDa), and (C) FM4-64, and showing that conidial cells and germ 
tubes internalize the dyes. (A, B) Both Lucifer Yellow CH and FITC-dextran appear to be localised 
in components of the vacuolar system, (C) FM4-64 stains the vacuolar membranes in the middle and 
basal cells, and there is evidence of mitochondrial staining within the germinated apical cell and 
germ tube. Note that in (A) the germ tube contents are obscured by staining of extracellular mucilage. 
Dyes were added at 15 min post hydration, and the images were collected at (A), 3 h 45 mm, (B) 
4 h 45 min and (C) 3 h 53 min post hydration. Imaged using a x60 objective. Bars = 5 pm. 
Conidia were incubated in 10-100 mM sodium azide in the presence of FM4-64. The 
degree of dye internalization was then qualitatively assessed after 14-22 min post dye 
(Fig. 5.3). The greatest and most repeatable inhibition of dye internalization was 
produced by sodium azide at a concentration of 100 mM (Fig. 5.3D). 
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Figure 5.2: Conlocal images showing inhibition of FM4-64 uptake into conidia by cooling. Conidia 
were imaged at 65 min post hydration after incubation in FM4-64 at (A) 24 °C. (B) 7 °C, and (C) 
4 °C. The dye was added at (A, B) 30 min and (C) 15 min post hydration. Note that (C) has had 
15 min longer in the dye and yet no dye was internalized. Imaged using a x60 objective. Bars = 5 rim. 
Figure 5.3: Luiilucai fflia-cs sho ing inhibition of F M4-64 uptake into conidia by exposure to the 
metabolic inhibitor sodium azide. The numbers refer to the concentration of sodium azide (mM) and 
the images were collected at (A) 22 min and (B—D) 14 mm after the dye was added. Sodium azide 
was added 2 min before the dye. Imaged using a x60 objective. Bar = 5 pm. 
To determine whether 100 mM sodium azide was cytotoxic, and whether the 
observed inhibitory effect was reversible, percentage germination was measured 
immediately after washing sodium azide out of the inoculum, and then again after at 
least 22 h (to measure maximum germination, see Sections 2.10 and 3.2.1), (Table 
5.1). Conidial germination was inhibited by exposure to 100 mM sodium azide, and 
washing it out of the inoculum reversed this inhibition. Maximum germination 
(>22 h after treatment) was unaffected by all sodium azide treatments except for 
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those in which comdia had been incubated in the inhibitor for 24 h. On the basis of 
these findings, a concentration of 100 mM was chosen for subsequent inhibition 
experiments, as it provided the best inhibition of dye internalization (Fig. 5.3) and 
did not kill the conidia; the observed inhibition of germination was reversible in 
samples that were incubated in sodium azide for up to 3 h. 
Percentage germination 
Period of exposure immediately after >22 h after 
Treatment 
to treatment (h) treatment treatment 
24 °C 3 97.1 ± 1.4 99.2 ± 0.7 
4 °C 3 0.0 ± 0.0 99.0 ± 0.8 
sodium azide 1 0.2 ± 0.5 98.3 ± 1.1 
sodium azide 2 0.5 ± 0.6 97.1 ± 1.4 
sodium azide 3 1.2±1.4 97.8±1.5 
sodium azide 24 0.1 ± 0.2 72.7 ± 9.8 
Table 5.1: Inhibition of conidial germination by cooling to 4 °C or by exposure to 100 mM sodium 
azide. Following each treatment, samples were washed in 24 °C dH 20 and then incubated at 24 °C. 
Mean conidial germination was assessed immediately after each treatment, and then again at least 
22 h later (to determine maximum germination). Samples sizes were 100-150  conidia each, and the 
values presented are the mean of 4-8 samples ± the standard deviation. 
The influence on germination of cooling to 4 °C was also examined. Germination 
was inhibited at 4 °C but this inhibition was reversed on warming to 24 °C, with no 
effect on maximum germination (Table 5.1). 
5.2.3 Characterization of dye internalization and the influence of 
sodium azide and cooling 
A more detailed quantitative approach was adopted to characterize dye 
internalization and the influence of cooling and sodium azide. The methods used are 
described in Sections 2.8.3 and 2.13. There was no evidence that the presence of 
sodium azide or cooling influenced either autofluorescence (Section 4.2.5.1) or dye 
fluorescence. 
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Two different types of time-course experiments were carried out: 
• population time-courses in which conidia were randomly sampled from the 
population at each time point allowing mean dye fluorescence values to be 
calculated, 
. individual time-courses in which individual conidia were repeatedly sampled over 
time, allowing data for each time point to be presented either for a single 
conidium, or as mean values for all replicates. 
All experiments were performed at least twice. However, because of the large 
variation in dye fluorescence values, in spite of the constant dye concentrations and 
confocal parameters, data could not often be pooled. 
5.2.3.1 Lucifer Yellow CH and FITC-dextran 
Both Lucifer Yellow CH and FITC-dextran internalization was characterized and the 
influence of exposure to 100 mM sodium azide and cooling to 4 °C was assessed. 
Experiments were performed two or three times and representative fluorescence data 
for each dye are presented in Figure 5.4. In both cases an increase in dye fluorescence 
within conidia was detected but only after germination had commenced (>3 h post 
dye), and this dye uptake was inhibited by both sodium azide and cooling to 4 °C 
(Figs. 5.4, 5.5). 
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Figure 5.4: (A) Lucifer Yellow CH and (B) and FITC-dextran (10 kDa) internalization within 
conidia incubated at 24 °C (I), in the presence of 100 mM sodium azide (U) and at 4 °C (U). Note 
that in both, the mean conidial dye fluorescence increases with time at 24 °C, but that samples that 
were treated with sodium azide or cooled to 4 °C have a significantly lower mean dye fluorescence. 
The stages of germination are indicated. Sodium azide was added at 2 min post hydration, and the 
dye was added at 15 min post hydration. Data were extracted from population time-courses with total 
spore counts of (A) 52 and (B) 42, with 5-18 conidia sampled at each time point. The values are 
mean conidial Lucifer Yellow CHIFITC fluorescence per pixel and the vertical bars are standard 
deviations. 
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Figure 5.5:Confocal images showing inhibition of Lucifer Yellow CH and FITC-dextran (10 kDa) 
uptake into conidia by 100 mM sodium azide and cooling. Samples were incubated either at 24 °C in 
the presence or absence of sodium azide, or at 4 °C. Dyes were added at 15 min post hydration and 
the images were collected at 4 h 5 mm (Lucifer Yellow CH) and 3 h 30 mm (FITC-dextran) after the 
addition of the dye. Note that the 24 °C samples have germinated but that those treated with sodium 
azide or that were cooled, have not. Imaged using a x60 objective. Bars = 5 pm. 
5.2.3.2 FM4-64 
A more detailed analysis was performed using FM4-64, because of the three 
endocytic markers used, it appeared to be the better marker for the components of the 
endocytic pathway in conidial cells (Fig. 5.1). Dye internalization was characterized 
within individual conidia throughout germination (45 min to 6 h post hydration). The 
experiment was repeated and the data from both experiments are presented as mean 
conidial FM4-64 fluorescence (Fig. 5.6A). Mean conidial FM4-64 fluorescence 
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Figure 5.6: Internalization of FM4-64 by conidia during germination. (A) Conidia were incubated at 
24 °C, and the dye was added at 45 min post hydration. (B) Conidia were incubated at 24 °C, in the 
presence of 100mM sodium azide, and after it was washed out of the inoculum at 50 min post dye. 
Sodium azide was added at 30 min post hydration and the dye was added 3 min later. Approximate 
stages of germination are indicated. Data from (A) 18 and (B) 12 individual time-courses are 
presented here as mean conidial FM4-64 fluorescence per pixel. The vertical bars are standard 
deviations. 
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Figure 5.7: Confocal images showing that FM4-64 uptake into conidia is inhibited by exposure to 
100 mM sodium azide, and that this inhibition is reversible. (A) An ungerminated conidium after 
15min of incubation in the dye. (131-133) Time-course of a single conidiurn: (BI) ungerminated 
conidium after 15 min of incubation in the dye in the presence of sodium azide; note that this spore 
has been incubated in FM4-64 for the same period as (A) and exhibits no dye uptake, (132) sodium 
a.zide was washed out at 22 min post dye (and new dye added) and the conidium was imaged at 
35 min after the dye was first added; note that this was 13 mm after the azide was washed out and 
that the staining of the conidium resembles (A), (133) the conidiuni has germinated, and all three cells 
have internalized the dye. Numbers are min post dye and the azide was added 3 min before the dye. 
Imaged using a x60 objective. Bar = 5 rim. 
Figure 5.8: Confocal images of an individual conidium showing that internalization of FM4-64 is 
inhibited by cooling to 4 °C, and that this inhibition is reversible. The conidium was incubated at 
4 °C for 24 h in the presence of FM4-64, and imaged (on a cold microscope stage); after which it was 
incubated at 24 °C. The numbers (2-87) are min at 24 °C. Note that as the conidium warms, dye is 
internalized by the cells, and that by 39 min at 24 °C, all three cells have internalized the dye. After 
87 min at 24 °C, internal membranes are clearly stained. The conidium subsequently germinated. 
Imaged using a x60 objective. Bar = 5 gm. 
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Figure 5.9: The influence of cooling to 4 °C on internalization of FM4-64 into conidia. (A) A 
population experiment in which samples were incubated in dye at either 24 °C for 60 mm, or at 4 °C 
for 70 mm, followed by 60 min at 24 °C (= 130 min post hydration). The dye was added at 15 mm 
post hydration. All conidia were ungerminated. A total of 27 conidia were counted (8-10 per 
treatment). (B) FM4-64 internalization into two conidia, one at 24 °C and the other at approximately 
4 °C. Measurements were collected between 60 and 420 sec after adding the dye. The dye was added 
at 20 min post hydration and both conidia were ungerminated. Values are (A) mean conidial FM4-64 
fluorescence per pixel and vertical bars are standard deviations and (B) conidial FM4-64 
fluorescence per pixel. 
Al 
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The influence of exposure to 100 mM sodium azide on dye internalization was 
examined. An individual time-course was performed (n = 12) over a period of several 
hours during which the sodium azide was washed out of the inoculum. Conidial 
FM4-64 fluorescence data are expressed as mean values over time and are presented 
in Figure 5.6B. Exposure to sodium azide inhibited dye internalization, and after it 
was washed out of the inoculum, mean conidial FM4-64 fluorescence increased and 
the spores germinated (Figs. 5.613, 5.7). Germination was delayed as it commenced at 
-2 h after the inhibitor was washed out of the inoculum (previously shown to start 
-50 min post hydration; see Fig. 3. 1, Section 3.2.3). 
The influence of cooling on FM4-64 uptake into conidia was also examined. 
Maintaining the temperature at 4 °C significantly inhibited FM4-64 internalization. 
Subsequent warming of the conidia to 24 °C resulted in the uptake of the dye into the 
conidial cells (Figs. 5.8, 5.9A). It was possible to image an individual conidium at 
—4 °C by cooling the apparatus, including the microscope stage (see Section 2.13.2). 
However, the sample still warmed gradually with time. Thus, the period over which 
an individual cooled comdium could be imaged was limited. The conidial 
fluorescence values for one conidium that was incubated at 24 °C and another that 
was incubated at 4 °C are shown in Figure 5.9B. Although the cooled spore 
fluorescence gradually increases, the fluorescence of the spore maintained at 24 °C 
increases at a much greater rate during the 400 sec post dye (= 6.7 min period of 
observation). Both cooling experiments were repeated and yielded quantitatively 
similar results. 
5.2.3.3 Nile red 
It was possible that the treatments used to inhibit endocytosis (i.e. sodium azide and 
cooling to 4 °C) also had more general effects on the conidia that could influence 
mechanisms of dye internalization other than endocytosis. To test whether these 
treatments were acting as specific metabolic inhibitors, the experiments described 
above (Sections 5.2.3.1 and 5.2.3.2) were repeated using the dye Nile red which is 
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Conidia freely internalized the Nile red, but dye internalization over time differed 
from the three endocytic markers by reaching a maximum after 30 minutes after the 
dye was added (Fig. 5.1OA). There was no evidence that incubation in the presence of 
100 mM sodium azide influenced the uptake of Nile red (Fig. 5.IOA). However, 
although there was considerable variation within the population, there was evidence 
that cooling to 4 °C suppressed dye internalization but only to a limited extent 
(Fig. 5.IOB). 
15 	30 	40 	45 	
4°C 	24°C 
minutes post dye 
Figure 5.10: (A) Time-course of Nile red uptake by conidia at 24°C (), note that the 40 min time 
point sample was incubated in 100 mM sodium azide (I) for 42 min and that there is no significant 
difference in mean fluorescence. A total of 35 spores were counted (7-10 per time point). (B) Nile 
red uptake by conidia incubated at 4 °C (•) for 60 min and then incubated at 24 °C ( ) for a further 
60 mm. Nine and five conidia were sampled respectively. Dye was added at 5 min post hydration in 
both experiments. In both (A) and (B) values were extracted from a population time-course and are 
presented as mean conidial Nile red fluorescence per pixel. The vertical bars are standard deviations. 
5.2.4 Further evidence that conidia and germlings are able to 
internalize by endocytosis 
Propidium iodide (P1) stains DNA and is reported to be membrane impermeant 
(Haugland, 1999). Here it was observed that conidia internalized P1 (at 
concentrations used in Section 2.15) after over 3 h of incubation in the dye. The 
germlings were healthy (mean germ tube growth rate = 0.33 ± 0.6 tim.min') and the 
dye did not stain the nucleus, but instead appeared to be localised in regions of the 
cell that could be vacuolar compartments (Fig. 5.11). It was also observed that the 
free acid of cSNARF- 1, which has also been reported to be membrane-impermeant, 
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was internalized by live conidial germlings after periods of >1.5 h of incubation in 
the dye (data not shown). 
Figure 5.11: ( on tocal image shoving internal iaflon of the dead-cc!] stain propid uni iodide in a 
living germling. The dye was added at 5 min post hydration, and the image was collected at 3 h later. 
Imaged using a x60 objective. Bar = 5 im. 
5.2.5 Characterization of endocytosis during germination using the 
dye FM4-64 
A more detailed study was made of FM4-64 internalization in order to characterize 
endocytosis within living conidia during germination. 
5.2.5.1 Sequential staining of organelles with FM4-64 
The order in which membranous conidial cellular components were stained was 
highly repeatable (n = 25). Example time-courses are presented in Figures 5.12 and 
5.13. 
• Plasma membrane: the membrane selective dye FM4-64 stained the plasma 
membrane (e.g. Figs. 5.12A, 5.13A, 5.14A) but not the cell wall (Fig. 5.15). The 
plasma membrane became stained within seconds of adding the dye to the spores 
(Fig. 5.14A, also see Fig. 4.65, Section 4.2.5.6). There was variation in the 
intensity of plasma membrane fluorescence within any one conidium, this might 
have been at least in part due to optical sectioning of the plasma membrane. After 
approximately 10 min the plasma membrane was usually brightly stained and 
often appeared to be very thick in regions (e.g. Figs. 5.2A, 5.1213, 5.1313). This 
effect was probably partially caused by flare from intense fluorescence. However, 
this did not account for other cases in which fluorescence intensity of the plasma 
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membrane was lower (e.g. Fig. 5.12D). Another possible explanation for the 
variation in the thickness of the stained plasma membrane is that some endocytic 
vesicles were stained and that they were concentrated near the sites of their 
production. 
Figure 5.12: Confocal images of an individual conidium showing the time-dependent staining of 
organelles with FM4-64. Note that the conidium germinates from the apical cell. The numbers are 
min post dye, and the dye was added at 45 min post hydration. Imaged using a x60 objective. 
Bar =5 pm. 
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Figure 5.13: Confocal images of an individual conidiurn showing the time-dependent staining of 
organelles with FM4-64. Initially, (A) diffuse fluorescence is visible and ultimately, (G) vacuolar 
membrane is clearly stained. Note that the conidium germinates from the basal cell but that the germ 
tube is not visible because it is not within the optical section. The numbers are min post dye, and the 
dye was added at 45 mm post hydration. Imaged using a x60 objective. Bar = 5 gm. 
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Figure 5.14: Conlocal images of au uuiUI\ IdUdl cuiuidiuuii 'hu tug the equeuuce of 'aauuuuulg with FM4-
64 within the apical cell. (A) at 100 sec after the addition of the dye the plasma membrane is stained, 
(B) by 150 sec in the dye there is clearly diffuse fluorescence within the cell, but primarily near to the 
plasma membrane. (C) After 210 sec in the dye, a bright spot (putative endosome) is clearly stained 
in the tip of the cell. The numbers are sec post hydration. Imaged using a x60 objective. Bar = 5 gm. 
To determine whether the conidia changed size as a result of putative plasma 
membrane internalization by endocytosis, a comparison of the size of conidia was 
made by overlaying the plasma membrane profile of median sections at the IJNG 
stage with the GT2 within the same spore (data not shown). This analysis was 
performed on 5 conidia and no change in conidial size was found. 
cw 
Figure 5.15: The apical cell of  conidium killed b\ desiccation and then flooded with FM4-64. Note 
that the cell wall (cw) does not stain. Imaged using a x60 objective. Bar = 5 rim. 
• Diffuse fluorescence within the cytoplasm: initially (-1-2 min post dye) diffuse 
fluorescence was observed associated with the inner side of the plasma membrane. 
This was especially visible in the A-cell tip, which could be partly due to the close 
proximity of the plasma membrane in that region (e.g. Figs. 5.12A, 5.13A, 5.15B). 
The source of this diffuse fluorescence was beyond the resolution of the confocal 
microscope. However, diffuse fluorescence within the cytoplasm has previously 
been interpreted as emanating from endocytic vesicles (Fischer-Parton et al., 
2000). 
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. Motile fluorescent spots: small brightly stained fluorescent spots (4).4 .tm in 
diameter) were visible in the cytoplasm after the diffuse fluorescence (Figs. 5.3A—
C, 5.12A,B, 5.13A, 5.14C). The earliest observation of these fluorescent spots was 
2 min post dye and they were always found to be present within 4 min post dye 
(n = 11). They were highly dynamic, and appeared to move back and forth 
between the plasma membrane, septum and centre of the cells. Similar spots have 
previously been observed in fungal hyphae and interpreted as putative endosomes 
(Fischer-Parton et al., 2000). 
• Septa: the plasma membrane associated with the septa characteristically stained 
within the first 30 min post dye and this appeared to occur by the movement of the 
dye through the plasma membrane, into the membrane present on either side of the 
septum (Figs. 5.7B, 5.8, 5.12, 5.13, also see Fig. 5.21 in Section 5.2.5.2). The 
timing of septal staining varied between spores and between septa within the same 
spore. 
. Other unidentified organelles: a general increase in cellular FM4-64 
fluorescence followed staining of the putative endosomes (e.g. Fig 5.1 2B—D, 
5.13B—F). This was partly due to fluorescence from unidentified small to medium 
sized membrane-bounded organelles. These were characteristically stained in all 
cells, distributed throughout the cytoplasm and often appeared to have a 
convoluted profile (e.g. Figs. 5.13D—F, 5.16). They became stained after the 
putative endosomes, and prior to identifiable vacuolar membrane staining (e.g. 
Fig. 5.13D—G). They were observed throughout germination and appeared to 
exhibit some dynamism. The morphology and position of these organelles within 
the cells makes it very unlikely that they were mitochondria, particularly because 
they were not positioned in the cell periphery and were never observed to be 
elongated in germinated cells (see Section 4.2.5.3). Although some of the staining 
could have originated from the vacuolar membrane, the morphology and density 
did not resemble that of the vacuolar system or elements of the vacuolar system, 
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and did not become larger as germination commenced (see Section 4.2.5.4), 
(Fig. 5.16). 
Figure 5.16: Confocal images of the basal cell of an individual conidium showing examples of the 
unidentified membrane-bound organelles that are stained prior to the vacuolar membrane. They do 
not change size or shape as the germ tube grows. Numbers are min post hydration, the dye was added 
at 17 min post hydration. Imaged using a x60 objective. Bar = 5 gm. 
. Vacuolar membrane: the typically small vacuoles are present within conidia at 
the UNG stage of germination (see Section 4.2.5.4) were difficult to positively 
identify, partly because of their size, and partly due to the general FM4-64 
fluorescence in the cells by this stage. The earliest convincing observations of 
stained vacuole membrane were after 45 min post dye (Fig. 5.17), although 
structures resembling components of the vacuolar system were observed as early 
as 16-19 min post dye. 
Figure 5.17: Conlocal image of an ungerminated cotiidiuni stained with FM4-64 br 45 iiim and 
showing that the vacuolar membrane in the middle cell is stained. The dye was added at 73 min post 
hydration. Imaged using a x60 objective. Bars = 5 pm. 
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Identification of vacuolar membrane was easiest once the conidium had 
germinated (GT1—GT3), (e.g. Figs. 5.1C, 5.12E, 5.13G) because the vacuolar 
compartments are larger at this stage of germination (see Section 4.3, Fig. 4.71). 
. Mitochondria: mitochondria in the germ tubes were frequently observed to 
become stained. The timing of mitochondrial staining varied depending on the 
stage of germination. During the GT 1 to GT2 stages of germination, mitochondria 
within the germ tube were observed to stain after 1 h 35 min in the dye but 
sometimes took as long as 3 h (n = 11), but in longer germ tubes (GT3 stage) they 
were observed to stain as early as 8 min and always by 65 min after the dye was 
added (n = 8)(Fig. 5.18). 
Identifiably stained mitochondria were not observed within conidial cells during 
the early stages of germination (UNG—GT1). This might be expected in the M- and 
B-cells because the images in this experiment were collected as median sections 
and mitochondria are primarily located in the peripheral regions of these cells (see 
Section 4.2.5.3). However, elongated, polarised mitochondria were not observed 
within the germinated A-cell during the UNG—GT1 stages of germination. It is 
possible that the high levels of cellular FM4-64 fluorescence masked any 
mitochondrial staining. In the later stages of germination (GT 2—GT3) mitochondria 
were observed within the germinated conidial cells and the germ tube (Fig 5.1, 
also see Fig. 4.52 in Section 4.2.5.4). 
. Nuclear envelope: fluorescence was occasionally observed at the periphery of the 
nuclei in comdia after germination (EGT—GT2 ), (Fig 5.19). The source of this 
apparent staining of the nuclear envelope might have been other membranous 
cellular components that are closely associated with the nucleus, such as ER, or 
possibly the vacuolar membrane pressed against the nucleus. 
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Figure 5.18: ContbcaI images ot a gro\Jng germ tube (U I stage) pulse labelled jib I' M4-64 and 
showing that the mitochondria and apical vesicle cluster are stained. In this example the mitochondria 
stain after 57 min and before 63 min post dye. Note that at this stage of germination, mitochondria in 
the germ tubes have been observed to stain within 8 min after addition of the dye. The numbers are 
min post dye, which was added at 5 h 12 min post hydration. Imaged using a x60 objective. 
Bar = 2 lam. 
Figure 5.19: Confocal image of a germling (EGT stage) stained with FM4-64 showing the 
fluorescence occasionally observed to be associated with the periphery of the nucleus (n). Imaged 
using a x60 objective. Bar = 5 gm. 
• Apical vesicle cluster: to determine how rapidly the apical vesicle cluster (AVC) 
became stained (see Section 4.2.5.5), germlings were incubated for 1 min in FM4-
64 and the dye was then washed out of the inoculum. This effectively pulse 
labelled the plasma membrane and subsequent membranes that were stained. It 
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also prevented the plasma membrane staining from being too high and so masking 
AVC staining at the germ tube tip (Fig. 5.18). The AVC stained faintly within 
2 min after the dye was added, and after approximately 5 min it was brightly 
stained and highly visible. 
5.2.5.2 Initiation of endocytosis in ungerminated spores 
Having established that endocytosis occurs during germination and within 
ungerminated spores after 45 min post hydration (Figs. 5.6A, 5.12, 5.13), 
experiments were performed to determine the stage after hydration at which 
endocytosis is initiated. Spores were float-harvested in dye solution and imaged from 
the time the spore settled on the surface of the CS (l min post hydration) to 35 mm 
post dye/hydration. Spores were harvested in dye solution (rather than adding dye to 
the solution after harvesting) to ensure that the rate that of dye diffusion in the 
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Figure 5.20: Time-course of the change in mean conidial FM4-64 fluorescence over the first 30 mm 
post hydration and dye (added at the time of hydration), showing that the dye is internalized by 
conidia during this period. The data was extracted from 12 individual conidial time-courses and is 
expressed as percentage change in FM4-64 fluorescence (grey scale) per pixel over the first 30 mm 
post hydration. The vertical bars are standard deviations. 
S 
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Figure 5.21 Confocal images of an individual conidium showing the time-dependent pattern ut 
staining with FM4-64 during the first 51 min post hydration. Note that the apical cell visibly 
internalizes dye after three mm. The spore is ungerminated during this period of observation but 
subsequently germinated. Note that the numbers are min post hydration and dye (harvested in dye 
solution). Imaged using a x60 objective. Bar = 5 gm. 
All conidia internalized the dye during the first 30 min post hydration, but the degree 
of dye internalization and thus fluorescence intensity varied considerably between 
conidia. In order that the data might be compared, mean FM4-64 fluorescence was 
expressed as percentage change over the period of 1-30 min post dye/hydration and 
the means of these values are plotted in Fig. 5.20. The mean value for conidial FM4-
64 fluorescence per pixel at 1-3 min post hydration/dye was 13.9 ± 1.8. Between 2-
5 min post hydration there was a 20% increase in mean conidial FM4-64 
fluorescence, demonstrating that conidia do internalize the dye during the first few 
min post hydration. This was confirmed by image data in which dye was visibly 
internalized by conidia as early as 2-3 min post hydration (Fig. 5.21). 
A comparison of the rates of endocytosis (measured as rate of increase in the 
percentage change in mean FM4-64 fluorescence over the period of measurement) 
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during the periods of 0-30 mill post hydration (Fig. 5.20), and 45-75 min post 
hydration (data from Fig. 5.6A) found no detectable differences (rate = 3.4 and 3.6 
percent change in fluorescence per mm, respectively n = 12, n = 15). 
5.2.6 Evidence that different conidial cells exhibit different rates of 
FM4-64 internalization 
Differences in the rate and extent of dye internalization were observed between cells 
within the same conidium during germination (e.g. Fig. 5.21). The A-cell was always 
the first to visibly internalize the dye, and this was most prominent in the tip region 
of the cell. After a brief lag (typically --3 mm) the B-cell also began to internalize the 
dye. The M-cell was the last to exhibit visible intracellular FM4-64 fluorescence, and 
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Figure 5.22: A time-course of FM4-64 internalization into the three conidial cells during 
germination, showing the different rates of dye uptake. The apical (A-cell) and basal (B-cell) cells 
initially internalize the dye at a faster rate than the middle cell (M-cell). Note that the A-cell values 
are significantly different from the M-cell values. Dye was added at 45 min post hydration. The data 
were extracted from 18 individual conidial time-courses and the values are mean cellular FM4-64 
fluorescence per pixel. The vertical bars are standard deviations. 
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When the data shown in Figure 5.6A are plotted as mean cellular FM4-64 
fluorescence (rather than conidial), it is apparent that the M-cell exhibits a lower rate 
of dye internalization than the other two cells (Fig. 5.22). Furthermore, the A- and B-
cells are more fluorescent than the M-cell throughout the period examined. Note that 
the standard deviations are large due to variation within the conidial population, but 
that the mean A-cell fluorescence is significantly higher than that of the M-cell 
throughout the period of observation. 
5.2.7 Evidence that endocytosis in differentiated germlings occurs 
within the appressorium but not within the conidium 
An analysis to determine whether endocytosis occurs in the conidia and/or 
appressoria of differentiated gernilings was carried out. Data were collected after 10 
and 35 min post dye from six differentiated germlings. The dye was added at 6 h post 
hydration. The results are shown in Figure 5.23 and a representative differentiated 
germling is shown in Figure 5.24. 
There was negligible dye internalization by the conidial cells during the period of 0-
35 min post dye, and this is clear from the images shown in Figure 5.24, in which the 
plasma membrane is the only stained component of the conidium. Although there 
was much variation between appressoria with respect to the degree of dye 
internalization (evident from the large standard deviation values), all six appressoria 
internalized the dye between 0 and 35 min post dye. It should be noted that one 
germling produced values that were three times greater than the others. However, it 
has been included in the analysis so that the data represents the true variation within 
the spore population. The germ tube was not measured due to its small size although 
the images revealed that they also internalized some dye (Fig 5.24). 
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Figure 5.23: FM4-64 internalization within the conidia and appressoria at 10 and 35 min post dye 
showing that compared to the appressoria the conidia internalized negligible amounts of the dye over 
this period. The dye was added at 6 h post hydration. Data was extracted from 6 individual time-
courses and is expressed as mean conidial and appressorial FM4-64 fluorescence per pixel. The 
vertical bars are standard deviations. Abbreviations post dye (p.d.). 
Figure 5.24: (onlocal inliges showing internalization of FM4-64 by a difhrentiated gerrnling. The 
numbers are min post dye, which was added at 6 h post hydration. (A, B) Only the plasma membrane 
is stained in the conidium whilst the appressorium clearly internalizes the dye between 10 and 35 nun 
post dye. (C) A projected image of the germling which was optically sectioned after 45 min post dye; 
note that throughout the conidium only the plasma membrane is clearly stained and that the 
appressorium has internalized the dye and is brightly stained. Imaged using a x60 objective. 
Bar = 5 gm. 
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5.3 DISCUSSION 
The findings here that three endocytic markers (Lucifer Yellow CH, FITC-dextran 
and FM4-64) were internalized by conidia and appressoria provides evidence that 
endocytosis occurs during the pre-penetration phase of the infection cycle of M 
grisea. The finding that the uptake of these dyes by conidia was reversibly inhibited 
by sodium azide and cooling, provides evidence that the process by which these dyes 
are internalized is an active one and not simply by passive diffusion. Furthermore, the 
staining of organelles by the membrane selective dye FM6-64 was shown to be time-
dependent and consistent with internalization by endocytosis, and distribution of the 
dye to different organelles via the vesicle trafficking network (Fischer-Parton et al., 
2000; Read & Hickey, 2000). 
5.3.1 Internalization of endocytic markers by conidia 
Lucifer Yellow CH was chosen because it has been used extensively as a fluid-phase 
endocytic marker in animals, plants and yeast cells. However, in recent years it has 
fallen from favour because it was found that in plant and animal cells the dye was 
carried across membranes by an organic anion transporter (Hawes et al., 1995). There 
is evidence that similar anion transporters are also present in the vacuolar membrane 
of the fungus Pisolithus tinctorius, indicating that Lucifer Yellow CH might be 
internalized by mechanisms other than endocytosis (Cole et al., 1997). In Ustilago 
maydis, mutants thought to be defective for a microtubule-dependant motor enzyme 
involved in the vesicle trafficking network were unable to accumulate Lucifer 
Yellow CH within the vacuolar system, but FM4-64 was still readily internalized 
(Steinberg et al., 1998). The second marker for fluid-phase endocytosis used in this 
study was FITC-dextran (10 kDa). This is potentially a much better marker since it is 
too large to diffuse or to be carried across the plasma membrane, but is predicted to 
be able to cross the cell wall (Cole et al., 1997). It was also observed to be 
internalized by conidia of M grisea and thus provides the first direct evidence that 
filamentous fungi undergo fluid-phase endocytosis. 
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The styryl dye FM4-64 inserts into the outer leaflet of the plasma membrane bilayer 
and is believed to be unable to enter cells by unfacilitated diffusion (Betz et al., 1996; 
Fischer-Parton et al., 2000). It has been utilised as a marker of components of the 
vesicle trafficking network in animal and yeast cells and also more recently in fungal 
hyphae and there is strong evidence arising from these studies that the dye is 
internalized by endocytosis (Betz et al., 1996; Hoffman & Mendgen, 1998; Fischer-
Parton et al., 2000; Read & Hickey, 2000). In this study, intracellular FM4-64 
fluorescence was quantified, to provide a measure of the amount of plasma 
membrane internalized by the fungal cells, and it was shown that FM4-64 is 
internalized by the ungerminated conidia, germlings and by the appressoria of M 
grisea. 
Conidia incubated in either of the 2 fluid-phase markers showed no significant 
increase in fluorescence unless incubated in the dye for extended periods and thus 
after germination had occurred. On the basis of these findings alone it might be 
concluded that endocytosis does not occur until after the production of a germ tube, 
and even that the germ tube is solely responsible for the endocytic internalization of 
the dyes. However, by using the dye FM4-64 it was possible to demonstrate that 
endocytosis occurred within 2 minutes after hydration of the conidium. The likely 
explanation for this disparity between the two sets of results is that the fluid phase 
endocytosis markers were diluted within the lumen of the variously stained 
membranous components, whilst FM4-64 remains concentrated within the membrane 
and thus provided a strong enough signal to image dye internalization by conidia 
prior to germination. 
5.3.2 Inhibition of dye internalization and the mode of 
internalization 
Endocytosis is an active process. The use of treatments that inhibit the production of 
energy have been previously cited as evidence that dyes are internalized by 
endocytosis (Vida & Emr, 1995; Hoffman & Mendgen, 1998). In this study 
internalization of all three endocytic markers assessed was inhibited by the presence 
of 100 mM sodium azide and by cooling to 4 °C. Furthermore, both these inhibitory 
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treatments were demonstrated to be reversible. Although both exposure to sodium 
azide and cooling will inhibit the production of ATP and so endocytosis (Vida & 
Emr, 1995; Hoffman & Mendgen, 1998) they could have other effects on the conidial 
cells. In particular, cooling would be predicted to alter membrane fluidity (Ellar, 
1978). Thus, these inhibitory treatments might also suppress other mechanisms of 
dye uptake, such as passive diffusion (Alberts et al., 1989). Controls were performed 
using the hydrophobic probe Nile red that is readily membrane permeant (Butt et al., 
1989; Oparka & Read, 1994; Haugland, 1999). Conidial Nile red fluorescence 
reached a maximum after approximately 30 min rather than increasing over an 
extended period of time (3 h) as in the case of FM4-64 fluorescence. This provided 
confirmation that Nile red was internalized by diffusion, because it increased in 
concentration within the cells until it reached equilibrium. There was no evidence 
that Nile red internalization by conidial cells was inhibited by the presence of sodium 
azide, but the data did suggest that cooling has some effect on membrane 
permeability. However, the extent of inhibition of Nile red internalization at 4 °C 
was too small to account for that observed in the case of the 3 endocytic marker dyes. 
Thus, the evidence supports the hypothesis that the three markers (Lucifer 
Yellow CH, FITC-dextran and FM4-64) do not enter cells by passive diffusion. 
Whether the dyes enter cells by some other mechanism, such as via carrier proteins in 
the plasma membrane, has not been controlled for here; sodium azide is predicted to 
affect ATP-driven carrier proteins, and also the electrochemical gradient across the 
plasma membrane. However, the localisation of staining by FM4-64 and the order 
and timing in which this staining occurs is more consistent with uptake via the 
endocytic pathway rather than directly from the cytoplasm (See Fig. 1.3, Section 1.5). 
Indeed when FM4-64 was introduced directly into the cytoplasm of desiccated 
permeabilised conidial cells, the pattern of staining was very different to that 
observed here (Fig. 4.70, Section 4.2.5.9). One of the main differences is that 
fluorescence was associated with lipid bodies and although this was performed with 
dead cells, some degree of lipid staining might be expected if the dye were released 
directly into the cytoplasm. It was concluded from these results and in the light of 
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previous findings (Vida & Emr, 1995; Hoffman & Mendgen, 1998; Fischer-Parton et 
al., 2000; Read & Hickey, 2000) that the most likely route of uptake of the dye FM4-
64 into conidial cells is by endocytosis. 
5.3.3 Time-dependent staining of organelles with FM4-64 
The order and timing in which components of the endomembrane system are stained 
by FM4-64 was characterized and in general, agreed with previous findings in N. 
crassa (Fischer-Parton et al., 2000; Read & Hickey, 2000). The order of staining is 
expected to reflect the routes by which membrane passes through the vesicle 
trafficking network to different organelles. Thus, some of the unidentified, stained, 
membrane-bounded cellular components can be tentatively identified by their 
morphology, behaviour and the order in which they became stained (see Fig. 1.3, 
Section 1.5). 
. The diffuse fluorescence observed during the first minutes after the addition of 
FM4-64 probably emanated primarily from stained endocytic vesicles. 
• The most likely candidates for the small brightly stained spots are endosomes (see 
Fischer-Parton et al., 2000; Read & Hickey, 2000) and they will thus be referred 
to as putative endosomes. It should be noted that these could also be Golgi 
equivalents. 
• In animal cells and budding yeast the vesicle trafficking network includes a 
retrograde pathway that links the endosomal system with the Golgi and ER 
(Satiat-Jeunemaitre et al., 1995). It has been predicted that such pathways also 
exist in filamentous fungi (Fischer-Parton et al., 2000; Read & Hickey, 2000). The 
convoluted unidentified structures, which were observed here to stain before the 
vacuole and to remain present throughout germination, could be Golgi 
equivalents. Although Golgi equivalents have been identified within the hyphae of 
M grisea it should be noted that in a study utilising the pharmacological agent 
brefeldin A, which is known to affect specific endomembrane organelles, there 
was no evidence for a retrograde pathway between the Golgi and ER (Bourett & 
Howard, 1994; Satiat-Jeunemaitre etal., 1995; Bourett & Howard, 1996). 
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Mitochondria did become stained, but they primarily observed within germ tubes. 
Mitochondrial staining by FM4-64 has been observed previously within fungal 
hyphae after extended period of incubation within the dye (Fischer-Parton et al., 
2000). Continuity between the outer membrane of the mitochondria and the ER 
system has been described in various cells including hyphae and could account for 
this staining (Bracker & Grove, 1971; Franke & Kartenback, 1971). However, these 
studies utilized chemical fixation techniques and so the data must be interpreted with 
caution (see Section 1.4). An alternative interpretation is that vesicle trafficking 
occurs between the mitochondria and other endomembrane components; for example 
lipid transfer from the ER to the mitochondria might occur via vesicle trafficking 
rather than by phospholipid-exchange proteins. Mitochondria were consistently 
observed to stain more rapidly in longer germ tubes and the significance of this is 
unclear. It might be indicative of greater uptake of FM4-64 at this stage, although 
faint staining of mitochondria was not evident in germ tubes sampled earlier. There 
could also be some biological significance to this finding relating to the amount of 
vesicle trafficking or perhaps the degree of contact between the mitochondria and ER 
during germination. 
There was evidence that the nuclear envelope became stained by FM4-64. Previous 
studies on fungal hyphae using FM4-64 found no evidence of nuclear envelope 
staining (Fischer-Parton et al., 2000; Read & Hickey, 2000). It is possible that some 
other component of the endomembrane system was stained and one possible 
candidate is the ER. In A. nidulans, use of green fluorescent protein targeted to the 
ER has revealed that the ER surrounds the nucleus in the fungal hyphae (Fernández-
Abalos et al., 1998), and in fungal spores the ER is often observed to be in 
association with the nucleus (e.g. Gull & Trinci, 1971; Mollicone & Longcore, 
1999). It has been demonstrated in animal and plant cells and in several fungal 
species that the rough ER and outer nuclear membrane are continuous (Beckett et al., 
1974; Stryer, 1988; Evans & Graham, 1989; Morre, 1990) and this might explain 
how the nuclear envelope could be stained by FM4-64. 
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5.3.4 Differential rates of dye internalization 
The rate and extent to which FM4-64 was internalized into the different conidial cells 
was also examined. The quantitative data supports the hypothesis that A- and B-cells 
internalize the dye at a greater rate and to a greater extent than the M-cell. Some care 
must be taken when interpreting this data because the values were extracted from 
median sections in different cells, and the surface:volume ratio differs between the 3 
cells: in other words if all three cells were endocytosing at the same rate per unit 
plasma membrane, the A-cell would be the brightest and the M-cell might very well 
be the dimmest. However, the possibility that the three conidial cells exhibit different 
rates and initiation times of endocytosis is supported by the order of staining of 
putative endosomes. These were always observed to stain earliest within the A-cell 
and sometimes the B-cell and last within the M-cell after a considerable time lag. 
5.3.5 Evidence for endocytosis in the germ tube and appressorium 
It was not possible to prove that the dye within the germ tubes originated from dye 
internalized by endocytosis at the germ tube plasma membrane, because it might 
have been transferred from the endocytosing conidium. Diffuse fluorescence, 
putative endosomes and staining of internal membranes were observed within the 
germ tubes (e.g. Figs. 5.1, 5.18, 5.24). However, internalization of FM4-64 into the 
germ tube was not quantified in this study. This was mainly because of the narrow 
germ tube width (-4.5 pm). This has two implications (1) the optical sections could 
include additional signal from plasma membrane or external cellular features (e.g. 
peripheral spots, see Section 4.2.5.6) because the z-resolution (with a x60 oil 
objective) is 0.8 tm (see Section 2.8.4) which accounts for nearly half the height of 
a germ tube, (2) the intense fluorescence from the germ tube plasma membrane 
reduces the available area within the cell from which a sufficient signal could be 
extracted without flare from the plasma membrane signal skewing the data. 
Reduction in dye concentration generally reduced the internal signal too greatly to 
allow the extraction of meaningful data. 
Preliminary data was collected that provides evidence that endocytosis takes place 
within the appressorium and that this might occur during the period of expansion. A 
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septum occluded by electron dense material has been observed to form at the base of 
the germ tube during the early stages of differentiation (Bourett & Howard, 1990). 
This implies that cellular contents can no longer pass into the appressorium from the 
germ tube after this stage and so rules out transfer of FM4-64 internalized by the 
germ tube. The data was collected at 6 h post hydration during which time 
appressorium expansion could still be occurring depending on the time of 
germination (see Table 1.3, Section 1.3.4). In mature appressoria, a layer of melanin 
is positioned just outside the plasma membrane, which serves as a barrier to solute 
flux but not to water (Howard & Ferrari, 1989; Howard & Valent, 1996). The finding 
that FM4-64 was internalized by the appressoria means that the dye was able to 
access the plasma membrane and so implies that melanisation (which occurs after 
expansion, see Table 1.3, p20) was not complete and that the appressoria were still 
expanding. 
5.3.6 Possible functions of endocytosis in conidia and germlings 
The results suggest that conidia are undergoing endocytosis within minutes of 
hydration and thus usually prior to making contact with the rice leaf. Endocytosis 
continues throughout germination until an appressorium is formed and no detectable 
difference was found when the rate of FM4-64 internalization was compared between 
2-30 and 45-75 min post hydration. The possible functions within the ungerminated 
spore are unclear, in part because the conidia of M grisea are able to germinate in 
pure dH20 and thus in the absence of host signals, or external nutrients. A potentially 
significant finding was that the two cells that usually germinate appeared to be most 
active in endocytosis. Evidence was obtained during this study that germ tubes do not 
emerge from the conidium randomly. They appear to emerge nearer the substratum, 
and in positions opposite to germ tubes that have already arisen from the same 
conidium (see Sections 3.2.4, 3.3.5). Recently evidence was obtained that conidia of 
B. graminis internalized low-molecular weight materials with physical properties 
similar to cutin monomers and it was proposed that the uptake of external signals 
could play a role in the site and direction of germ tube emergence (Neilson et al., 
2000). Endocytosis might serve to internalize external signals from the host surface, 
or possibly from conidial cells within the same conidium and other conidia. 
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Furthermore, there is evidence that M grisea both produces and responds to 
pheromones (Beckerman et al., 1997; Shen et al., 1999). Another possible function 
of endocytosis in ungerminated conidia is recycling membrane delivered during 
secretion. There is evidence in other species that spores secrete enzymes prior to 
germination (Nicholson & Morales 1980; Nicholson et al., 1988; Deising et al., 
1992; Pascholati et al., 1992) and if this were occurring then the membrane 
equilibrium might be maintained by endocytosis: excess membrane delivered to the 
plasma membrane in the form of secretory vesicles might be recycled by endocytosis. 
The possible functions of endocytosis within a germling are clearer than within 
ungerminated comdia. Most of those possible functions proposed within fungal 
hyphae apply since the germ tube also exhibits tip growth. These include recycling of 
membrane, and membrane protein and lipids, transport of membrane proteins and 
lipids to the vacuole for degradation and the uptake of molecules (Section 1.5.2). 
Evidence was obtained in this study that the germ tube exhibits directional growth on 
the rice leaf (Section 3.3.5). Contact sensing might occur via a number of 
mechanisms (Read et aL, 1992b), one of which is the perception of host signals, 
which might occur via endocytosis. Endocytosis could serve a function during 
differentiation of the germ tube to form an appressorium. This requires that there is a 
change from polarised tip growth to localised swelling and might require changes in 
the phospholipid composition of the plasma membrane at the germ tube tip 
(Markham et al., 1993). One of the proposed functions of endocytosis is in the 
recycling of membrane proteins and lipids (Section 1.5.2). 
A number of possible functions for endocytosis within fungal hyphae could also 
apply to the expanding appressorium. If the appressorium secretes compounds at the 
substratum interface such as enzymes to aid penetration of the underlying host, 
endocytosis might be required to retrieve the membrane and thus maintain the 
appressorial turgidity required for penetration of the host (Howard et al., 1991a; 
Money & Howard, 1996). Filasomes are the best candidates for endocytic vesicles 
within M grisea and they have been found to be abundant in the region of the 
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appressorium/substratum interface in M grisea and in other fungi (Howard, 1981; 
Bourett & Howard, 1991; Howard 1994). In addition, during appressorium expansion 
the cytoplasm is abundant in cytoplasmic vesicles and smooth cisternae, again a 
finding common to other fungal species (Bourett & Howard, 1991; Howard 1994). 
However, since the controls were not performed on differentiated germlings and the 
experiment was performed only once, the findings are speculative, but deserve 
further attention. 
222 
6. FUTURE WORK 
• Study the directional growth of germ tubes in relation to other germ tubes 
produced by the same conidium. 
• Examine the influence of external conditions on the mode of germination within 
the conidial population. 
• Use the method developed to kill individual conidial cells, to determine the role of 
each conidial cell in influencing germ tube growth rate and direction. 
• Use multi-photon confocal microscopy to analyse organelle dynamics and 
organization in living cells taking advantage of the fact that this technique is 
potentially less phototoxic. 
• Further analyse mitochondrial activity during germination, in particular the 
apparent asymmetry at the substratum. 
• Compare and contrast data collected from imaging living conidia during 
germination with freeze-substitution TEM studies on conidia and germlings. 
• Use green fluorescent protein (GFP) targeted to different organelles, in particular 
to the Golgi and ER, and make comparisons with results obtained using vital 
fluorescent dyes in living cells. 
• Study endocytosis in germ tubes and within appressoria during germination in 
more detail. 
• Screen for mutants compromised in endocytosis and vesicle trafficking, using the 
membrane-selective dye FM4-64. 
• Combine the techniques used here for live cell analysis, with a genetic approach to 
analyse spore germination. 
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Summary 
Confocal microscopy of amphiphilic styryl dyes has been 
used to investigate endocytosis and vesicle trafficking in 
living fungal hyphae. Hyphae were treated with FM4-64. 
FM1-43 or TMA-DPI-l. three of the most commonly used 
membrane-selective dyes reported as markers of endocyto-
sis. All three dyes were rapidly internalized within hyphae. 
FM4-64 was found best for imaging the dynamic changes in 
size, morphology and position of the apical vesicle cluster 
within growing hyphal tips because of its staining pattern, 
greater photostability and low cytotoxicity. FM4-64 was 
taken up into both the apical and subapical compartments 
of living hyphae in a time-dependent manner. The pattern 
of stain distribution was broadly similar in a range of fungal 
species tested (Aspergilhis nithilans. Botrytis cinerea, Mayiia-
porthe grisea. Neu rospora crassa. Phycornyces blakesh'eanus, 
Puceinia graminis. Rhizoctonia solani, Scierotinia sclerotioruni 
and Trichoderma vi ride). With time. FM4-64 was internalized 
from the plasma membrane appearing in structures 
corresponding to putative endosomes, the apical vesicle 
cluster, the vacuolar membrane and mitochondria. These 
observations are consistent with dye internalization by 
endocytosis. A speculative model of the vesicle trafficking 
network within growing hyphae is presented. 
Introduction 
Vesicle trafficking is fundamental to numerous activities in 
eukaryotic organisms, and underlies many of the basic 
processes involved in cell growth and differentiation. The 
vesicle trafficking network includes exocytosis and endocy-
tosis (Gruenberg & Clague. 1992: Rothman. 1994). In 
filamentous fungi a reasonable amount is understood about 
exocytosis. whereas very little is known about endocytosis. 
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Most of our current understanding of vesicle trafficking in 
filamentous fungi is concerned with tip growth and is based 
upon ultrastructural studies (e.g. Grove & Bracker. 1970: 
Howard, 1981). pharmacological treatments (e.g. Howard 
& Aist. 1980), analyses of mutants (Wu et al.. 1998: Seiler 
et al., 1999) and mathematical modelling of vesicle 
trafficking in relation to tip growth (e.g. Bartnicki-Garcia 
et al.. 1989). During tip growth, extension of the hypha is 
confined to a region occupying only a few micrometres at 
the hyphal apex and involves highly polarized exocytosis. 
Secretory vesicles deliver membrane, cell wall precursors 
and wall-building enzymes to the hyphal tip. and many 
extracellular enzymes released into the surrounding med-
ium are also believed to be secreted from this region 
(reviewed by Wessels. 1993). 
In higher fungi (i.e. members of the Ascomycota. 
Basidiomycota and Deuteromycota) vesicle trafficking to 
the apex during tip growth is highly organized and involves 
the activity of a specific, multicomponent organelle complex 
which, in most cases, is called the Spitzenkörper (= 'apical 
body'). This structure is predominated by secretory vesicles 
which make up what is commonly described as an apical 
vesicle cluster' (Grove & Bracker. 1970: López-Franco & 
Bracker. 1 996). The dynamic behaviour of the Spitzenkör-
per has indicated that it is intimately associated with the 
precise growth pattern of the hyphal apex )Girbardt. 1957: 
Bartnicki-Garcia et al.. 1995: López-Franco & Bracker. 
1996). 
From studies of tip-growing plant cells (Steer & Steer, 
1989: Miller et al.. 1997) it has been suggested that 
membrane recycling via endocytosis is a critical part of the 
process of apical extension. However, reports of the 
existence of endocytosis in filamentous fungi have been 
conflicting. Work by Caesar-Ton That etal. (1987) identified 
a fraction from hyphae of Neurospora crassn that was rich in 
coated vesicles and possessed a major polvpeptide with a 
molecular weight similar to that of the heavy chain of 
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clathrin, the major coat protein of endocytic vesicles in 
animal and plant cells (Hawes et al.. 1995: Mellman, 1996). 
However, convincing ultrastructural evidence for clathrin-
coated vesicles or pits in fungal hyphae is lacking. Evidence 
against the occurrence of endocytosis in filamentous fungi 
was obtained by Cole et al. (1997), who were unable to 
observe uptake of membrane-impermeant fluorescent 
probes by fluid-phase endocytosis into hyphae of the 
hasidiomycete Pisolithus tinctorius. Recently, uptake of the 
membrane-selective endocytosis marker FM4-64 by germ 
tubes of UromLJc('s kthae (Hoffmann & Mendgen. 1998) and 
hyphae of N. crassa and Trichoderma Oriole (Read et (d, 1998) 
has been taken as positive evidence for membrane inter-
nalization by endocytosis. 
Amphiphilic styryl dyes. such as FM4-64, insert into the 
outer leaflet of the plasma membrane and are believed not 
to directly enter intact cells by unfacilitated diffusion 
(Illinger & Kuhry. 1994: Betz et al.. 1996). They have, 
theretbre, been widely used as fluorescent reporters of 
endocytosis and other components of the vesicle trafficking 
network in animal cells (e.g. Betz et al.. 1996) and the 
budding yeast (Vida & Emr. 1995: Rieder et al.. 1996). 
In this paper we have used confocal imaging of 
aniphiphilic styryl dyes to study endocytosis and vesicle 
trafficking in living fungal hyphae. Although we tested 
three of these dyes (FM4-64. FM1-43 and TMA-l)Pl-I). most 
of our work has concentrated on FM4-64 because of its 
superior properties. Time courses of FM4-64 staining have 
been performed and considerable emphasis placed on 
imaging the stained apical vesicle cluster within growing 
hyphal tips. Possible pathways of dye internalization and 
distribution have been assessed. However, our analysis 
supports the view that endocytosis and vesicle trafficking 
are probably the predominant pathways by which FM4-64 
is internalized and distributed between organdies within 
hyphae. Based on the interpretation of our results in the 
context of current knowledge in other cell types, we present 
a speculative model of the vesicle trafficking network within 
growing hyphac. 
Materials and methods 
Dyes and other chemicals 
The dyes FM4-64, I'M 1-43 and TMA-l)Pl-i were obtained 
from Molecular Probes Inc. (Eugene. OR, U.S.A.). All other 
chemicals were supplied by Sigma (Poole. U.K.). 
Fungal immaterial 
The following fungi were used: Aspergillus nidulans ( R15 3 
from Fungal Genetics Stock Center [FGSC]. Arcata, CA, 
U.S.A.): Botrytis elnerea (from the Plant Disease Control 
Group, DuPont Co.. Wilmington. DL. U.S.A.): Magnaporthe 
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grisea (strain 0-42 from B. Valent. DuPont Co.): Neurospora 
crassa 74 A (strain 262 from FGSC): Phycornyces blakesleea-
"us (isolated from soil by P. Hickey, Edinburgh, U.K.): 
Puccini, graminis f. sp. tritici (isolate 84 from the National 
Institute for Agricultural Botany, Cambridge, U.K.): Rhizoe-
tonig, solani (No. 283 from E. E. Butler. University of 
California, Davis, U.S.A.): Sclerotinia scierotiorum (from T. 
S. Abney. Purdue University, IN. U.S.A.): and Trichoderma 
vi ride (No. 2011 from J.F. Tuite. Purdue University). 
Growth conditions and dye loading 
Aspergilitis mudulans. B. cinerea and P blakesleeanus were 
grown on 2% w/v malt extract solidified with 2% w/v agar. 
Twenty-four-hour-old cultures of P blakesleeanus and 48-h-
old cultures of A. nidulans and B. cinerea were used for 
experiments. Agar bearing the leading edge of the colony 
was cut out and carefully placed, hypha side down, in liquid 
malt extract medium containing 25 (IM FM4-64 on a glass 
coverslip. 
Magnaporihe grisea was grown on oatmeal agar at 24 °C 
in continuous light (as described in Jelitto et al.. 1994). 
Conidia were harvested from 10-day-old cultures, inocu-
lated onto glass coverslips in distilled water and incubated in 
darkened humid chambers. The resultant germlings were 
stained with 7.5 (IM FM4-64. 
Neurospora crassa, R. solani. S. sclerotioruni and T viride 
were grown on Vogel's medium N (Vogel. 1956) plus 2% w/v 
sucrose (VMS medium) and prepared for microscopic 
observation on coverslips, as described by Parton et al. 
(1997). After 10 min of loading with 6.4 p.m FM4-64, the 
medium containing dye was replaced with fresh medium 
lacking dye. Neurospora hyphae were similarly stained with 
6.4 p.m FMI-43 or 10 p.M TMA-I)PH. Additionally. N. crassa 
was grown on a thin layer of VMS medium solidified with 
2% w/v agarose evenly spread on a glass coverslip (Parton 
et al.. 1997). Shortly before imaging, the mycelium was 
covered with 100 p.L liquid VMS medium containing 
6.4 p.ra FM4-64. For double staining of N. crassa hyphae 
with Rhodamine 12 3 and FM4-64. the stains were added 
sequentially. Firstly. 10 p.M Rhodamine 123 was applied in 
100 p.L liquid VMS medium for at least 30 min then a 
further 100 p.L medium containing 6.4 p.m FM 4-64 was 
added. 
Puccinia grwuinis urediospores (obtained from uredia on 
wheat as described by Read et al.. 1997) were inoculated 
onto glass coverslips and subsequently incubated in a 
humid chamber for 3-5 h to allow germ tubes to form. 
Germlings were loaded with dye by placing 20 mm HEPES-
buffer (pl-I 7.2) containing 3.2 p.M FM4-64 over them, 
followed by a coverslip supported by strips of lithographers 
tape (No. 616. Scotch Brand). 
For time course experiments, osmotic shock during dye 
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application was avoided by acclimatizing hyphae to 
standard liquid medium before experimentation. 
Confocal microscopy 
For routine confocal microscopy we employed a Bio-Rad 
MRC 600 confocal laser scanning microscope fitted with a 
25 mW argon laser and connected to a Nikon Diaphot TMD 
inverted microscope with epifluorescence equipment (all 
supplied by Bio-Rad Microscience. Hemel Hempstead, U.K.). 
The laser power used was 1 or 3% of full intensity. 
Excitation was at 514 nm, and fluorescence was detected 
at > 550 nm. Simultaneous confocal fluorescence images 
and corresponding brightfield images were collected. A x40 
dry plan apo (NA 0.95) and a x60 oil immersion plan apo 
(NA 1.4) objective were used. 
UV confocal microscopy of TMA-DPH was performed 
using a Leica TCS NT confocal microscope (Leica Micro-
systems Heidelberg GmhH. Germany) fitted with a 2 W UV 
argon laser, The Leica system was also equipped with a 
100 mW argon ion laser, which allowed simultaneous 
imaging of Rhodanñne 123 and FM4-64 without 'bleed 
through' of signal between the two channels used (488 nm 
excitation; Rhodamine 123 fluorescence detected at 530/ 
30 nm. FM4-64 fluorescence detected at > 640 nm). A 
x 6 3 water immersion plan apo (NA 1.2) objective was used. 
Results 
Application and imaging styryl dyes in hyphac 
Amongst the most commonly used fluorescent dyes for 
imaging endocytosis in living cells are the styryl-based dyes 
FM4-64. FM1-43 and TMA-DPH (Figs 1A, 2A and 3A, 
Winger & Kuhry. 1994: Betz et al., 1996; Haugland. 1996). 
These compounds were tested in N. crassa. All three dyes 
were found to be taken up by both apical and subapical 
hyphal compartments in a time-dependent manner: 
immediate staining of the plasma membrane was followed 
by dye internalization and staining of organelles. All dyes 
stained the apical vesicle cluster within the Spitzenkörper 
(Figs lB. 2B and 3B), although considerable differences 
were observed in the patterns of organelle staining and in 
the photosensitivity and phototoxicity of each dye. 
The staining pattern with each dye was examined over 
the apical 50 p.m of hyphae. 40 min after dye application 
(Figs lB. 2B and 3B). At that time FM4-64 had clearly 
stained the plasma membrane and Spitzenkörper region, 
with a more diffuse background staining of the cytoplasm. 
Staining of organelles was also evident but not marked. 
There was little staining of mitochondria (Fig. 1B). In 
addition. FM4-64 caused little disturbance to apical 
extension, even with repeated laser scanning at 15 s 
intervals over periods of 10 min when imaged with a x40  
dry plan apo (NA 0.95) objective. The extension rate of dye-
loaded hyphae imaged in this way was 16.7 ± 1.11 p.m 
min (SE) (n = 11). whilst the extension rate of control 
hyphae lacking dye was 17.2 ± 0.3 p.m min -1 (SE) 
(n = 10). FM1-43 staining of the Spitzenkörper was similar 
except that it photobleached much more rapidly. making it 
more difficult to follow with time. In addition, the elongated 
mitochondria were more intensely stained with FM1-43 (cf. 
Figs 2B and 1B) unless the period of FM4-64 staining was 
significantly extended (Fig. 4). As with FM4-64, little 
significant effect on growth was observed (data not shown). 
TMA-DPH stained the plasma membrane and Spitzenkörper 
but the latter was less clearly stained than with FM4-64 )cf. 
Figs 3B and 113). The cytoplasm was diffusely stained with 
TMA-DPH but pronounced staining of organelles was 
lacking (Fig. 3B). Repeated scanning with the UV laser led 
to drastic photobleaching of TMA-DPH and cessation of 
apical extension within three or four scans. These limita-
tions render TMA-DPH useless for the type of prolonged 
examination required to image the dynamic behaviour of 
the Spitzenkörper or other aspects of vesicle trafficking. 
Characteristics off  M4-64 internalization 
Examination of early dye uptake within hyphal tips revealed 
that after immediate plasma membrane staining. signs of 
internalized dye could first be discerned as early as 30 s 
following dye application, and more clearly after 60 s (Fig. 5). 
Initial dye internalization was observed by contrast adjusting 
images and could be seen as a slight staining of the apical 
cytoplasm, most obviously in a 10-15 p.m long region 
commonly 8-10 p.m from the apical pole. Discrete, roughly 
spherical fluorescent organelles. - 0.75 p.m in diameter, 
which corresponded in size and in their time of appearance to 
the putative endosomes visualized by FM4-64 staining in 
budding yeast cells (Vida & Ems, 1995). were first discernible 
110 s after dye application. These organelles tended to be more 
numerous or obvious in a particular region behind the extreme 
tip although the precise distance of this zone from the apical 
pole varied between hyphae (data not shown). Spitzenkörper 
staining was first evident after 180 s (Fig. 5). Subsequently, 
the Spitzenkörper region and the small, roughly spherical 
organelles became brighter whilst numerous other small 
organelles also became stained. In hyphae stained for longer 
than 15 mm. numerous roughly circular regions of dye 
exclusion. --2-3 p.m in diameter, could be seen up to within 
—20 p.m of the tip (Figs lB and 4). These regions of dye 
exclusion correspond to the size and location of nuclei (Zalokar. 
1959). Staining of nuclear membranes was never observed. 
The subapical compartments we investigated after stain-
ing with FM4-64 were within the peripheral growth zone of 
the mycelium (i.e. the mycelial region needed to maintain 
the maximum extension rate of the colony's leading 
hyphae) and possessed unplugged septa. These hyphal 
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Fig. 1. (A) Molecular structure of endocytosis marker dye FM4-64. (B) Conlocal image of gro 	i ph.d 	 tiicu Ii 
40 min with FM4-64: images 3() s apart: hyphal extension rate = 12.0 pm min 
Fig. 2. (A) Molecular structure of endocytosis marker dye FM1-43. (B) Confocal image of growing hyphal tip of Neurosporci erassa stained for 
40 min with FM 1-41: images 30 s apart: hyphal extension rate = I . I un min - 1 . 
Fig. 3. (A) Molecular structure of endocytosis marker dye TMA-l)PH. (B) Conlocal image of growing hyphal tip of Neurospora crassa stained for 
40 min with TMA-DPH: images I s apart: growth rate not determined. 
Note the staining of elongated mitochondria in Fig. 20 but not in Figs 1(B) and 3(B). Bar = 1() Itm. 
compartments are metabolically very active and contribute to 
tip growth by the vectorial transport of cytoplasm and 
organdies towards growing hyphal apices (Trinci. 1971). In 
these compartments (Fig. 6) the immediate staining of the 
plasma membrane after dye application was followed within 1-
2 min by the appearance of faintly stained roughly spherical 
organelles. —0.75 tim in diameter, which were similar in 
appearance to the previously described organelles in the apical 
hyphal compartments. These organelles were distinct from the 
similarly sized, more-or-less spherical mitochondria found in 
subapical regions. This was shown by double staining with 
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FM4-64 and the mitochondrion-selective stain. Rhodanilne 
123. which did not colocalize (Fig. 7). With time. FM4-64 
staining increased in the small spherical organelles which were 
not mitochondria. and also in the surrounding cytoplasm and 
other organelles. until the small spherical organelles could no 
longer be clearly distinguished (3-9 imin in Fig. 6). The large 
spherical vacuole. normally found lying adjacent to the septum 
of subapical hvphal compartments, was originally visible as a 
zone of dye exclusion. Initial staining of the vacuole membrane 
was observed after 9 min and the degree of staining increased 
thereafter (Fig. 6). Strong staining of the septum, lined on each 
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Fig. 4. Conlucal iimiicge of a grutvlllg livphul tip of 
stained for 105 mm: hyphal extension rate = 11.5 p.m min -  
Note pronounced staining of elongated mitochondria (cf. Fig. 2B) 
and cytoplasmic region of dye exclusion (asterisk) which probably 
represents an unstained nucleus. Bar = It) p.m. 
side by the plasma membrane, was also often observed. The 
intense dye fluorescence associated with the plasma membrane 
remained relatively constant during experiments in which dye 
was continuously present in the extracellular medium. 
Application of FM4-64 in the presence of the metabolic 
inhibitor sodium azide inhibited dye internalization but still 
NEGATIVE IMAGES 
allowed staining of the plasma membrane of apical and 
uhapica1 hvphal compartments (Fig. 8). 
FM4-64 uptake into the apical hyphal region of different 
lungal species (Fig. 9) was broadly similar to that recorded 
or N. crassa (Fig. 5). However, there were clear differences 
between species in the rate and extent to which FM4-64 
was taken up into organdies, most obviously the elongated 
mitochondria within hyphal tips. Aspergillus uidulans. in 
particular. accumulated F14-64 more rapidly i.e. within 
1111 11) 	vim hiii I hc'c ilil clioiidriii 	lie. 01). 
,"limimiimmq of 	jiit:'miIbim' I,, dhllemiiit .speii',s 
In higher fungi )Ascornycota. Deuteromycota and Basidio-
mycota) the Spitzenkörper is a highly dynamic and 
pleomorphic multicomponent structure believed to contain 
the secretory vesicles responsible for tip growth (Grove & 
Bracker. 1970: LOpez-Franco & Bracker. 1996). Lopez-
Franco & Bracker 1996) investigated Spitzcnkorper mor-
phology in the unstained hyphal tips of 32 species using 
computer-enhanced phase-contrast microscopy. In the 
present study. we have compared FM4-64 staining of the 
apical vesicle cluster within the Spitzenkorper of seven 
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Fig. 5. Time cc curse ui FM4-04 internalization within the hvpha I lip ul \enrc spuru ras.sa Numbers indicate time(sl after dye application 
(continuous loading). Confocal fluorescence images (median optical sections) are displayed alongside the same images contrast adjusted and 
shown in 'negative', in which dye-stained structures appear dark. Early uptake of dye is more easily seen in the contrast-adjusted negative 
images. The earliest signs of dye internalization can be seen after 30 s. most prominently within a (it)- 15 p.m) region 8-it) p.m from the 
apical pole. Small, roughly spherical organelles (arrowheads) are first evident between 110 s and 180 s. Staining of the Spitzenkorper region 
(asterisk) is first seen 180 s after dye application. Hyphal extension continued at an average rate of 21 p.m min throughout the time 
course. Bar = 10 p.m. 
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Fig, 6. Time course of FM4-64 iiiicrnali'intion with col1tIulLIou. !otding 01'a suhojii.tl Iivphal region of \ewospoi'a crl,so. Numbers itidiic 
time (mm) after dye application. Small, roughly spherical structures (arrowheads) are clearly visible after 2 mm. Bar = 10 p.m. 
(Fig. 913). M. grisea (Fig. 9C). A. nidzdans ( Fig. 91)). T. viride 
(Fig. 9E). R so/aol (Fig. 9F) and B. cinerea (Fig. 10). We also 
examined staining of the apical vesicle cluster within germ 
tubes of the basidiomycete rust fungus. P graminis (Fig. 9G). 
It should be noted that the rust germ tube has been 
described previously as possessing an apical vesicle cluster 
but not a Spitzenkörper (Littlefield & Heath. 1979: Hoch & 
Staples. 1983: Kwon et al.. 1991). In general. there was 
good agreement between the morphologies of the brightly 
FM4-64 stained apical vesicle clusters with the unstained 
phase-dark Spitzenkorper of vegetative hyphae of N. crassa. 
T viride. S. sclerotiorwn and R. sola;mi previously described by 
López-Franco & Bracker (1996). Our unpublished observa-
tions of the dynamic changes in position. morphology and 
size of the stained apical vesicle cluster of each species were 
also in agreement with previous descriptions of Spitzenkor-
per behaviour (Bartnicki-Garcia et al.. 1995: López-Franco 
et al.. 1995: Riquelme el al.. 1998). 
After staining with FM4-64. the Spitzenkorper of N. 
erassa, S. sclerotiorum, A. nith,!ans. T. viride. R solon! and B. 
cinerea (Figs 9A. B. D—F and 10) were all visible as brightly 
fluorescent structures, which commonly had it distinct area 
of reduced fluorescence within them. In those species 
previously examined by López-Franco & Bracker (1996). 
the area of reduced fluorescence observed here correlates 
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with their descriptions of the Spitzenkorper core. This core 
was often particularly large in S. sclerotiorwn (Fig. 913). 
The appearance of the Spitzenkörper of N. crassa in 
optical sections (Fig. 9A) was roughly round but showed 
high variability in the shape and size of the core region, and 
varied from being circular to horseshoe-shaped. The 
Spitzenkorper of A. mdulans lacked an obvious negatively 
stained core (Fig. 91)) and was often surrounded by a 
diffusely fluorescent vesicle cloud (not shown). The Spit-
zenkorper of S. sclerotiorwn (Fig. 913), T viride (Fig. 9E) and 
B. cinerea (Fig. 10) were roughly similar: more-or-less round 
with a central roughly circular core region which was most 
obvious in S. sc!erotiorurn. The Spitzenkorper of R. so/ani 
appeared as an irregularly shaped, bright horseshoe-like 
structure surrounding a darker core region. The germ tubes 
of M. grisea were very narrow, making it difficult to discern 
details of Spitzenkorper morphology. The Spitzenkorper 
appeared as it slightly flattened. sometimes crescent-shaped. 
band within the apical dome of the germ tube (Fig. 90. The 
germ tubes of P grwninis possessed an FM4-64 stained 
vesicle cloud, which was most often rounded in shape yet 
highly plelomorphic (Fig. 9G). 
López-Franco et al. (1994. 1995) reported that the 
Spitzenkorper in many higher fungi was accompanied by 
one or more smaller migratory Spitzenkörper (called satellite 
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I ig. 	. 	'Seth) 	HtircJ 	uiiI 	e,iges i ill, 	pI aIi 	 na duuhle stained tvitli tAJ F.\14-64 loaded for 
4 miii red) and Ii) Rltodainine 121 loaded cotttiiiutusl greeni. 1' overlay at iA i and B showing that putative endosomes labelled with 
FM4-64 are distinct from nijiochondria labelled with Rhodamine 123 (colocalization = yellow). (D) Corresponding bright field image. 
Bar = is tJ.m. 
Spitzenkörper). FM4-64 was Iund to clearly stain satellite 
Spitzenkörper in S. selerotionmi. T. i'iruh' (Fig. 9E) and B. 
einereu (Fig. 10). Such satellites were most frequently observed 
in B. eiuerea. Satellite Spitzertkörper generally emerged 
adjacent to the plasma membrane a few micronietres behind 
the main Spitzenkörper. migrated to the apex and finally 
merged with the main Spitzenkhrper within 15 s (Fig. 10). 
Finally, we also imaged the FM4-64 stained apical vesicle 
cluster of the lower fungus P hlakesleeanus (Fig. YH(. This 
fungus belongs to the Zygomycota, which have been reported 
to possess it crescent-shaped hand of apical vesicles instead of 
a Spitzenkörper (Grove & Bracker. 1970). FM4-64 staining 
revealed a crescent-shaped zone of bright fluorescence in a 
zone corresponding to the expected location of these vesicles. 
Discussion 
In the present paper we have demonstrated FM4-64 staining 
of hyphae in a range of fungal species, spanning the 
Ascomycota. Deuteromycota. Basidiomycotu and Zvgomvcota. 
We have shown that FM4-64 is clearly an excellent stain for 
tracking the apical vesicle cluster or main Spitzenkörper and 
satellite Spitzenkörper. FM4-64 also has significant potential 
for the study of endocvtosis and other aspects of vesicle 
trafficking in living fungal hyphae. Below, we discuss how. 
with the aid of this dye, we can gain a better understanding of 
endocytosis and the vesicle trafficking network of hyphae. 
Does cudocytosis occur in filamentous /iingi? 
Little is known about endocvtosis in filamentous fungi and 
neither physiological nor ultrastructural analyses have 
provided concrete evidence that it even occurs (Ashford. 
1998). The best evidence for its occurrence so far available 
are reports of the uptake of FM4-64 by fungal hyphae 
(Hoffmann & Mendgen. 1998; Read et al.. 1998). Our 
current results further substantiate this with observations 
of FM4-64 uptake by nine different fungal species. In 
contrast to this. it is interesting to note that Cole et al. 
(1998) did not observe uptake of FM4-64 by healthy 
hyphae of Pisolititus tinetorius (Basidiornycota). The reason 
for this difference in results is unclear. Cole et al. (1997) also 
found that membrane-impermeant fluorescent probes, such 
as Lucifer Yellow carhohvdrazide (LYCH). which is used as 
an indicator of fluid-phase endocytosis in budding yeast 
(l)ulic et al., 1991). were not taken up into hyphae of 
Fi 
S. ('01110C ill images 	I tA I subapical and I (ti apical hyplial Lulnp,hIhtIleIi)s ii ,\ in/sal 	inst tided ttitli I \11-is .1 ioi 15 tutu ill the 
presence of it) mM sodium azide inote that the sodium azide was added to hvphae 2 miii before applying the dye. Bar = 10 p.m. 
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Fig. 9. ('onldeal images of growing hvphal tips ofdifl'erent species stained with FM4-64: 1 A) Aeitruspora erttssii. U) a'lert)(wiU scleruiiuiw,i. C) 
Magnuporthe grisea. (D) Aspergillus uidulans, (E) Trichoderma t'iride (asterisk indicates a satellite Spitzenkorper), (F) Rhizoctonia soli'rni, (G) 
Puecmm graminis. (1-I) Phycornyces blakesleeanus. Bar in (A) for (A), (C)—(H). = 5 p.m. Bar in (B) = 10 hJ.m. 
P tinctorius (fluid-phase endocytosis involves the uptake of 
molecules in the lumen of endocytic vesicles). We found that 
although FM4-64 was rapidly internalized by N. crassa. 
LYCH and Oregon Green 488 10 kDa dextran did not 
appear to be taken up into hyphae of this fungus even after 
long periods of immersion in the dye (unpublished results). 
In the light of such seemingly contradictory evidence, 
questions still need to be raised as to the occurrence of 
endocytosis in filamentous fungi and whether the styryl dyes 
do in fact reliably report endocytosis in filamentous fungi. In 
the absence of good evidence from other experimental 
techniques, the burden of proof presently lies heavily upon 
the FM4-64 data and is critically dependent upon the 
assumption that FM4-64 is internalized by endocytosis (Fig. 
1 1A). This is certainly believed to be the case where it has 
been used with animal and yeast cells (Cochilla et A. 1999). 
Evidence supporting endocytic uptake of FM4-64 
The FM4-64 molecule is composed of three elements (Fig. 1A): 
a hydrophobic tail (which promotes partitioning into mem- 
branes), a dicationic head (which prevents passage across 
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membranes). and a body or nucleus (which determines the 
spectral properties of the dye). The structure of this dye 
therefore places a significant energetic barrier to direct passage 
across the plasma membrane (Betz et a).. 1996). Evidence 
against FM4-64 entering budding yeast cells by unfacilitated 
diffusion was obtained by inhibiting dye internalization in the 
presence of the metabolic inhibitor sodium azide, or by applying 
dye at low temperature (Vida & Emr. 1995). This was confirmed 
for fungal hyphae by our experimental observations with azide 
reported here. Similar inhibition was also obtained by Fischer-
Parton (1999) when Neurospora hyphae were loaded with dye 
at 4 °C: when the temperature was subsequently increased to 
25 C  normal dye uptake occurred. 
Whilst unfacilitated diffusion of styryl dyes across 
membranes is unlikely, it is known that membrane 
phospholipids, which would similarly be expected to be 
resistant to passage from one side of membranes to the 
other, are able to cross over with the aid of Ilippases (Menon. 
1993). Flippases are enzymes that facilitate the movement 
of specific phospholipids from one leaflet of the lipid hilayer 
of membranes to the other. Their activity is an essential 
requirement for membrane biosynthesis. In mammalian 
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Fig. 10. Confocal images of an F14-64-stained satellite Spilzen-
korper (asterisk) of Botrytis einerea showing a time course (in s) of 
different stages in its formation, migration and fusion with the 
main Spitzenkorper. Bar = S p.m. 
cells they have been identified in both the plasma 
membrane and endoplasmic reticulum (ER) (Menon. 
1995) but they have not, to our knowledge, been described 
in fungi. It is conceivable that the action of flippases could 
provide an alternative mechanism for the internalization of 
FM4-64, FM1-43 and TMA-DPI-I (Fig. 1113). Once dye has 
been translocated to the inner leaflet of the plasma 
membrane by Ilippase activity, lipid transfer proteins may 
then transport dye molecules to the cytosolic face of the 
membranes of other organelles (Fig. 1113). Lipid transfer 
proteins have been identified in numerous eukaryotic cells, 
including filamentous fungi (Record et al.. 1998). Alter-
natively, owing to the water solubility of these dyes and 
reversible incorporation into many membranes, they could 
enter the cytosol from the cytoplasmic face of the plasma 
membrane and then label the external leaflet of organelle 
membranes (Illinger & Kuhry. 1994; Betz et al.. 1996). 
However, hunger & Kuhrv (1994), who used TMA-DPH to 
follow endocytosis in mammalian cells, recognized the 
possible significance of flippase activity for dye uptake but 
provided strong experimental evidence to discount it. 
Further evidence to support endocytic uptake comes from 
neuronal preparations, where it was shown that FM1-43 is 
confined to synaptic vesicles (Henkel et al.. 1996). Even 
stronger evidence that FM4-64 uptake follows an endocytic 
pathway comes from mutants in budding yeast defective in 
the vesicle trafficking network, in which styryl dye transport 
to the vacuole was inhibited (Vida & Emir, 1995). Indeed, in 
budding yeast FM4-64 has been successfully used in a 
fluorescence assisted cell sorter to screen for proteins 
involved in endocvtosis (Gaynor el al.. 1998). 
Our observations of the time-dependent sequence of FM4-64 
internalization, with staining appearing in a defined sequence 
of organelles. is consistent with uptake by endocytosis as 
described for styryl dyes applied to animal and yeast cells 
reviewed in Cochilla et al.. 1999). In these latter systems. the 
first obvious stained organelles have been identified as, or 
proposed to be, early endosornes (Vida & Emr, 1995: Cochilla 
'i al., 1999). The roughly spherical —0.75 im organelles 
observed here correspond well to this and thus we now refer to 
them as putative endosornes. However, it must he emphasized 
that endosomes have not yet been identified at the ultra-
structural level in Illamentous fungi. 
I/u' i ui,St' for ti lilt it 'i/li )5J\ ill Jiliqlal liij/)/l(t' 
Although inconclusive, it is clear that uptake of FM4-64, 
IM1-43 and TMA-DPH provide the best evidence to date for 
endocvtosis in filamentous fungi. The case for endocytosis in 
fungal hyphae is further supported by the wealth of knowl-
edge available from research with the budding yeast fungus. 
Endocytosis and components of the endocytic pathway have 
been well characterized in this organism at the genetic, 
biochemical and ultrastructural levels (Pelham, 1997; Geli & 
Riezman. 1998: Prescianotto-Baschong & Riezman. 1998). 
There is an array of physiological functions carried out in 
animal, plant and yeast cells which are mediated by 
endocytosis (l)ulic et al.. 1991; Hawes ci al., 1995; Meilman, 
1996; Cdi & Riezman, 1998). Evidence that such activities 
are also carried out in filamentous fungi strengthens the case 
for endocytosis. Our data are consistent with the interpreta-
tion that endocytosis occurs in both apical and subapical 
hyphal compartments. At present we do not know exactly 
what roles endocytosis might serve in these different 
compartments. Nevertheless, based on what is known about 
the biology of hyphae and about endocytosis in other 
organisms we can speculate generally as to possible roles 
that endocytosis may serve in filamentous fungi. 
Removal of excess plasma membrane. It has been suggested 
that, in pollen tubes, insertion of membrane by the fusion of 
vesicles delivering cell wall components to the apex exceeds 
the membrane necessary for tip extension (Picton & Steer, 
1983). The most likely retrieval mechanism for superfluous 
membrane is endocytosis (Steer. 1988). This is supported by 
Derksen etal. (1995). who identified a zone 6-15 ftm behind 
the tip with a concentration of clathrin-coated pits implicating 
it as a major site of endocytosis. In rust germ tubes. I-hoffman 
& Mendgen (1998) observed initial FM4-64 uptake within a 
region 5-20 p.m away from the apical pole. indicating active 
endocytosis in that zone. This broadly matches our observa-
tions of early uptake in N. crassa. Calculations of the amount 
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A: FM4-64 internalisation B: FM4-64 internalisation involving 
by endocytosis flippase and lipid transfer protein activity 
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Fig. Ii. l)iagrams outlining possible alternative pathways of FM4-64 uptake by fungal hyphae. (A) Endocytic pathway of internalization. (B) 
Internalization involving the activity of flippases and lipid transfer proteins. 
of apical vesicle membrane relative to the volume of these 
vesicles in fungal hvphae have indicated that a significant 
excess of membrane relative to wall material is probably added 
during hyphal tip growth (C. E. Bracken personal commu-
nication. 1998). In subapical compartments endocytosis may 
be important for retrieving excess membrane delivered by 
secretory vesicles during septum formation. 
Recycling of membrane proteins. Endocvtosis in apical hyphal 
compartments may function in tip growth by providing a 
means for retrieving displaced membrane proteins (e.g. ion 
channels and cell wall-building enzymes) and returning 
them to the tip for re-use. In budding yeast. there is strong 
evidence that two of the three chitin svnthascs in the plasma 
membrane are recycled hack to the plasma membrane via 
endocvtosis (Chuang & Schekman. 1996: Ziman el tL. 1996. 
1998: Holthuis ci al.. 1998). It makes economic sense for a 
hypha to recycle and reuse some of the proteins involved in 
tip growth rather than to synthesize all of these proteins di 
nova. As discussed in the following section, rapid recycling of 
membrane proteins in hyphae may occur via endosomes 
and/or satellite Spitzenkörper. 
Transport ol membrane proteins and lipids to the vacuole for 
degradation. Our findings showed that spherical vacuoles in 
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N. crassa became stained with FM4-64 in a manner similar 
to that reported for the vacuole of budding yeast. which 
functions as the site of degradation of plasma membrane 
proteins (Vida & Emr. 1995: Wendland et al.. 1998). 
Uptake o moh'e:tles in the fluid phase of endoclitic vesicles. 
This may he important for the uptake of certain nutrients 
)1)ulic et al.. 1991). 
Receptor-mediated uptake of ligands. It has been shown that, in 
budding yeast. the mating pheromone et-factor and its plasma 
membrane receptor are internalized by receptor-mediated 
endoctosis (Wendland et (il.. 1998). Although filamentous 
fungi produce pheromones (Bhlker & Kahmann, 199 3). their 
mechanism of internalization has not been studied. 
Tracking the vesicle tra/IIeking network in fiinqal hyphae 
FM4-64 was found to be of low toxicity and relatively resistant 
to photobleaching during repeated imaging. This makes it an 
excellent dye for following dynamic processes in living cells over 
time without perturbing those processes. Confocal imaging has 
allowed us to visualize putative endosomes and other organdies 
(e.g. mitochondria and vacuoles). However, it should be 
emphasized that visualization of individual vesicles is beyond 
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Fig. 12. A hvpoihelicol model of the organization of the vesicle trafficking network in a growing hvphu based upon the pattern of FM4-64 
staining. 
the limits of the imaging techniques employed here. This is 
because the vesicles are very small (typically < lO() nni in 
diameter) and are present at a high density within the hvphal 
cytoplasm. The diffraction limitation of fluorescence imaging 
means that such small, closely spaced fluorescing vesicles 
cannot he individually identified because they appear blurred 
together (Betz & Angleson. 1997). 
On the basis of our observations with FM4-64 uptake we 
have proposed a speculative model (Fig. 12) which interprets 
our observations in the context of current knowledge of the 
vesicle trafficking pathways in yeast and animal cells (e.g. 
Mellman. 1996: Pelham, 1997: Geli & Riezman. 1998). 
Our observation of diffuse fluorescence within the cytoplasm 
within 3() s of adding FM4-64 to liyphae may he interpreted as 
primarily representing a cloud of stained endocvtic vesicles. 
Although endocytic vesicles have not been identified at the 
ultrastructural level, possible candidates are Illasomes 
(Howard, 1981). These are vesicles possessing a fibrillar 
coating that contains actin (Bourett & Howard, 1991: 
Roherson, 1992). These coated vesicles were found to he 
concentrated principally in the first 12 p.m of growing hvphal 
tips of the basicliomvcete Sch'rotiwtt rolfsii (Roberson, 1992). 
This is consistent with our observations of initial dye 
internalization in a localized region behind the apical dome. 
The first FM4-64-stained organelles that we could visualize 
clearly in hyphac were small and roughly spherical and, as  
previously discussed, are interpreted as putative endosornes. In 
other cell types endosomes function as sorting compartments 
for proteins and lipids, and are classified into two functional 
types: 'early' and 'late' endosomes (Ashford, 1998: Prescia-
notto-Baschong & Riezman, 1998: Mukherjee et al., 1999). 
In subapical compartments, the next obviously stained 
organelle was the large spherical vacuole. This pattern of 
staining was similar to that in budding yeast. in which 
staining of yeast vacuolar membranes followed that of' 
putative endosomes (Vida & Enir, 1995). In addition to the 
large spherical vacuoles, the vacuolar system in hyphae also 
consists of an extensive tubular network in both subapical 
and apical compartments (Ashford. 1998). We have also 
found that the membranes of these tubular vacuoles in 
apical hyphal compartments become clearly stained after 
prolonged immersion in FM4-64 (unpublished results). 
In addition to vacuolar membranes we would also expect 
that both the Golgi and ER of fungal hyphae would become 
stained with FM4-64 via retrograde pathways which connect 
the endosornal system. Golgi and ER, as occurs in budding yeast 
(Pelham. 1997: Fig. 12). Staining by FM4-64 of these 
membranes in fungal hyphae would provide an explanation 
for the observed increase in staining of other organelles in the 
cytoplasm with time. However, it should also be stressed that 
the staining of the small, roughly spherical organelles proposed 
earlier to be endosomes could conceivably be Golgi instead. 
C 2000 The Royal Microscopical Society, Joursial of Mkroseop9 198.246-259 
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The traditional view of hyphal tip growth has been that the 
wall-building, secretory vesicles which reside in the Spiirien-
körper prior to exocytosis are generated exclusively by Golgi 
cisternae (e.g. Grove & Bracker. 1970: Howard. 1981). 
Recently, evidence has been obtained that indicates that 
satellite Spitzenkorper also supply wall-building vesicles to 
the growing hyphal tip (López-Franco et al., 1994, 1995). 
Satellite Spitzenkörper arise immediately beneath the plasma 
membrane a few Inicrometres behind the apical pole, and 
then migrate towards and merge with the main Spitzertkör-
per. These fusion events were correlated with a transient 
increase in the hyphal extension rate and are believed to be 
responsible for the pulsed growth behaviour of fungal hyphae 
resulting from the pulsed delivery of wall-building secretory 
vesicles (López-Franco el al., 1994. 1995). However, as yet, 
the source(s) of the vesicles within satellites is/are unknown. 
These vesicles may be derived from the Golgi and/or 
endocytic vesicles internalized from the plasma membrane. 
We suggest that secretory vesicles may be additionally derived 
from eridosomes. This is consistent with our observations that 
Spitzenkörper stained shortly after the putative endosomes. In 
the previous section we proposed that a likely function of 
endocytosis in hyphae is the recycling of proteins involved in tip 
growth back to the apical plasma membrane. Satellite 
Spitzenkorper may also have a role in this process. However. 
the longer route for recycling these proteins from endosomes to 
the Spitzenkörper via the Golgi cannot he discounted (Fig. 12). 
Mitochondria were always stained by FM4-64 with longer 
incubation times than necessary to stain Spitzenkörper or 
putative endosomes, and these times varied between species. 
A possible explanation of this phenomenon, still consistent 
with FM4-64 internalization by endocytosis. is that FM4-64 
stains mitochondria through direct contact with the ER 
(Fig. 12). Continuity between the ER and the outer 
mitochondrial membrane has been shown at the ultrastruc-
tural level in various cells including hyphae (Bracker & 
Grove. 1971: Franke & Kartenheck, 1971). We found that 
FM4-64 and FM1-43 stained mitochondria at different rates 
in any one species and the rates of staining varied between 
species. An explanation for this may be found in the recent 
finding that fluorescent lipid analogues undergo endocytic 
sorting to different organdies in animal cells solely on the 
basis of differences in the chemistry of their hydrophobic tails 
(Mukherjee et a).. 1999). Variations between species (e.g. N. 
cmssa and A. nidulans) in the composition of their organelle 
membranes may also explain the differential rates at which 
their mitochondria become stained by FM4-64. 
The hypothetical model of vesicle trafficking presented in 
Fig. 12 now needs to he rigorously tested and, in particular. 
endocvtic intermediates and components of the secretory 
pathways need to he identified and characterized. Towards this 
aim, we are currently performing double labelling experiments 
in living hyphae by following the time course of FM4-64 
staining in which the green fluorescent protein has been 
© 2000 The Royal Microscopical Society. Journal of Mkroscop 198. 246-259  
targeted to specific organelles (e.g. Fernandez-Abalos et a).. 
1998). This will need to be correlated with the localization of 
FM4-64 at the ultrastructural level as has been done for FM 1-
43 in nerve cells (Henkel ci a).. 1996). The model in Fig. 12 is 
also being subjected to genetical analysis and in this respect our 
unpublished results have shown that FM4-64 is proving to be a 
very powerful tool for analysing growing hyphae of mutants 
compromised in vesicle trafficking. 
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